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New paleomagnetic results from Blind River: Revised magnetostratigraphy and 
tectonic rotation of the Marlborough region, South Island, New Zealand 
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Abstract Part of die Upper Miocene-Lower Pliocene 

mudstone section at Blind River, northern Marlborough, 
which was the subject of a paleomagnetic study by Kennett 
and Waikins in 1974, has been resampled and the data 
reinterpreted. The new results do not concur entirely with 
those of Kennett and Watkins. In particular, we do not find 
the uppermost normal event of their record. This implies a 
more uniform deposition rate and a later date of 5.6 m.y. for 
^fmloo cm eaottstGloborouUhc(momi(neabifhcsecidon. 
The new data also show a declination anomaly of 36 ± 4** to 
the easL This is thought to be due to clockwise rotation within 
the active tectonic belt of New Zealand, between the Pacific 
and Australian plates. This declination anomaly is slightly 
larger than those reported from sites in the northern part of the 
tectonic belt, suggesting thatthedefonnatkmisnuMeoomiriex 
than a simple block rotation. 

Keywords paleomagnetism; magnetostratigraphy; 
Miocene; Pliocene; polarity transitions; virtual geomagnetic 
pole; tectonic rotation 
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INTRODUCTION 

The Blind River and Stace Stream sections occur at latitude 

41°44'S and longitude 174°03'E in the Marlborough region 
of the South Island of New Zealand. They consist of some 
1200 m of massive Uue-grey modstones of LaiB Kflocene to 
Early Pliocene age, with minor siltstoneand sandstone horizons 
unconformably overlying a basement of Triassic-Jurassic 
greywacke and argillile. The sections have been the subject 
ofpteviousmagnetostratigraphicbiostcatigFaphic, and stable 
isotope investigations. 

The locations of the sites used by Kennett & Waikins 
(1974) in their magnctostratigraphic study are shown in 
Fig. 1. Their results, given as the latitude of the virtual 
geomagnetic pole ( VGP), and the revised magnetostratigraphi c 
interpretation of their work by Loutit & Kennett (1979), are 
shown in Fig. 2. These two papers will be lefienedtobdow 
as K&W and L&K, respectively. 

K&W originally interpreted the two normal episodes in 
the upper part of their record as the split G ilbcrt ' C ' event. The 
reassignment of these normal episodes to Chron S, c. I m.y. 
<Aler,by L&K. is based on the detection (rfa decrease (^about 
0.5 per mil in the "C/'K^ ratio in bcnihic foraminifera in the 
long reversed section immediately below the nomud episodes. 
Such a 5"C shift had previously been found in deep-sea cores 
from the Pac i fic and Indian Oceans, at depdis oonesponding 
to the upper part of Chron 6 (Keigwin 1979; Keigwin ft 
Shackleton 1980). The two lower normal episodes of K&W 
were now intcrpnreted as falling in Chrons 6 and 7. This 
revision also removed an apparent discrepancy of 1 m.y. 
between major cooling episodes in the South Pacific and 
elsewhere and established the synchroneity of the Kapitean 
Stage in New Zealand and the Messinian of the Mediterranean 
region. Ateachof theirsiieStK&Wpresentedpaleomagnetic 
daa fiom the level of thermal demagnetisation whk;h yielded 
the lowest directional scatter between the two or three 
specimens measured. Thus, at many sites, the natural remanent 
magnetisations have been used whereas, at others, the 
directions after demagnetisation at 100or200°C were taken. 
They then applied a three-site running average to the virtual 
geomagnetic pole positions to obtain the data shown in 
Fig.2. Webelievethattbismethodofdaiaselectionmayhave 
caused aeiioas enofs in die inieqMetation of the lesidtt, as 
discussed below. 

nELDWORK AND SAMPLING DETAILS 

Our initial intention was to sample in detail the Chron 5 
polarity transitions which have been studied extensively at 
Mediterranean sites aUnost antipodal to New Zealand (Valet 
ALaj 1981, 1983) and hence to gain insight intothe geometry 
of the transitional geomagnetic field. 

In November 19S4, we sampled a section in Stace Stream 
cone8poBdingioKAWsites6-llandwhid»^nsdieirR-N 
transitton. In Fdmiaiy 1986, we returned to sample the 
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Fig. 1 The Blind River-Stace 
Stream area, showing the sampling 
sites of Kennett & Waikins 
(numbered open circles) and of this 
study (solid bars). Grid marks are 
from NZMS 260 sheets P29 and 
(^9. Inset diowt the kKation 
die Bliiid River netiaii in idalioa 
to Ae flugor tertonic iliiiiiiiii'o 
aroiindNewZeaInd(afterWdoott 
1984). Solid black, stable land area; 
horizontal lines, areas undergoing 
slow deformation; cross-hatching, 
areas of rapid deformation; dots, 
active volcanoes. Kennett & 
Waikins 's dip and strike measuie- 
mants am Ubdlad KW. 




ir- Fig. 2 {OpposUe) Results of Kennett ft Waikins (1974), wiA 

magnctostratigraphic interpretation of Loutit & Kennett (l979). 
Sites mentioned in the text are numbered. Two scales of stratigraphic 
thickncs.s are .shown: that used by Kennett & Waikins, and that of 
Morgans (1980). Also shown arc the occurrences of some key 
planktonic foraminiferal species. Throughout the text the 
magnetostratigraphic term "Epoch" has been replaced by "Chnm" 
in line with modem practice. Sediment lithologic symbols: doll, 
sandstone; fine dashes. sUstone; ooaxser dadies. mudstone. 



uppemost N-R transition recorded by K&W between ilieir 
siies26and30. Hie exposure of this part of the sequence is 

considerably better in Blind River than in Stace Stream. 
Precise conelation of horizons between Slace Stream and 
Blind River is difficult as the lithology is uniformly massive 
and there are only a few minor bands of sandstone on which 
the bedding orientation can be measured. K&W recorded 
dips of 21' and 14°, with strikes east-west for two such 
horizons, in the southern Blind River part of the section and 
just north of die Blind River-Siaoe Stream confluence, 
respectively (Fig. 1). We found it difficult to verify the strikes 
of these measurements to an accuracy better than ±20" 
because of the unevenncss of the surfaces. Wc did, however, 
record a d ip of 22° with a strike of 1 07* on a pair of sandstone 
beds in the middle of the northern Blind River section (Fig. 1). 
This agrees with the value used by Morgans (1980) in his 
bio6tiaiigR4)hic wodc and widi the strike of the Miocene/ 
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Fig. 3 Declination and inclination 
of hfRM results from 1986 Blind 
River sites. Dashed lines indicate 
the axial dipole values of 
declination and inclination for 
reversed and nomud polarity. 
Elevations oomtpond to dioae of 
Mafgans(198(^ 
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Fig. 4 TlMnnal dwnagnntiiatkin 

plots for tyiricd qiacinau of type 
(a) and type (b) (tee text). For «tch 

specimen the left hand plot shows 
normalised intensity against tem- 
perature, the right hand plot shows 
ihc variation of vertical (Z) with 
northerly (N) components as dots 
and easterly (E) with northerly (N) 
components as triangles during 
clein«gnetisatian.UiiiU are 10 A/tn. 
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Pliocene boundary shown cutting the sections by K&W. If 
weassiiineadipof22*8ndsirikeof 107*,oarsection(Rg. 1) 
covers a strati graphic thickness of 270 m and corresponds to 
K&W sites 17-42. In the ui9)erpart, which K&W found to be 
levcfsed, we saiiq;>led at stiad^airtuc intenrals of c. S m and 



in the part corresponding to their upper N-R transition, at 
iiMervalsof<OJm. 

A total of 940 cores were collected from 308 sites and 
were cut into over 3800 specimens. These were divided into 
two sets for analysis inFiance and New Zealand. The French 
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Fig. 6 Deposition curves for ihe Blind River section inferred from 
the magnetostratigraphic inlopretations of Loutit & Kennett (open 
triangles), and of this pqier (open circles). Dales for the FOD of 
GloboniaUaeeiieimouamdiieV^ ihiftoblainedfiamdianew 
interpretaiiaa are shown, with dwae fim intHpraUliaii of 
inparmlhesat. 



and New Zealand measurements, both using cryogenic 
magnetometers and standard methods of ihennal and 
altenMdqg fldd deniQgiiedsaikMi, gave esMoi&lly di6 saine 
results and so will be discussed together. 

1986 RESULTS 

Magnetogramsofflie declination and inclination of thenatural 

remanent magnetisation (NRM) of the Blind River section 
ate shown in Fig. 3. NRM intensities ranged from 5 x lO"' to 
Sx la'A/m. Throughout the secdoosamided. die NRMs are 
predominantly reversed but there are six groups of sites with 
normal inclinations, some of which have normal declinations. 
At the NRM stage, the French results were more scattered 
than those from New Zealand. TbislsDotsaiprising,asthe 
New Zealand specimens were diielded fifon externa! magnetic 
fields at all times from sampl ing to measurement. The French 
specimens underwentconsiderable periods unshielded before 
NRM measurement None of the nwmal NRM directicms, 
however, appear to be of primary origin. After careful 
stepwise dcinagnciisation, the en tire section displays reversed 
polarity. 

Examples of the behaviour of typical q;)ecimens on 
demagnetisation are diown in Fig. 4. Bodi dietmal and 

alternating field demagnetisations were attempted but thermal 
demagnetisation proved to be more efficient and reliable in 
separating secondary and primary components of 
magnetisation. Many specimens displayed spurious behaviour 
at peak alternating fields above 30 mT while, below this level, 
sufGctent isolation of the primary remancnce was not achieved. 
(X the specimens subjected to thermal demagnetisation, c. 
50% diowedevidenceofmineralogical changes accompanied 
by growth of an anomalous magnetisation between 350''C 
and 385*^. However, efficient removal of secondary 
componenisivasii8uillyacbievedby2SO^ bgeneial. three 
pattenisc^behavioureineigedonsleimisedemagnetisatiaa: 



(a) Stable reversed magnetisation, with only a small 
secondary component, readily removed at low demagne- 
tisation tempeiatnres (e.g., spedmens BLS76B aid 

BL869C from elevations of 1025 and 975 m, reqjecdvely). 

(b) Reversedi^inuuy magnetisation oveqidniBdwidiastraQg 
nonnal component, so diat the resultant NRM is normal 

(e.g., specimens BL925E and BL926C, both from 
elevation 930 m). The mean vector removed from these 
^imens between 20°C and 250°C is D = 8°E, I --fie*. 
a-95 - 11°, N s S, indistinguishable from the present- 
day field (JDmTl'^, Is -67°). or an axial dipole field 
(DsO-.I—eO.?*). 

(c) Random, unsystematic behaviour on demagnetisation. It 
is often difficult to define an endpoint direction for such 
specimens but, when possible, it is reversed. Such 
specimens showed a high degree of magnetic viscosity 
onevenalaboratorytinwscaleofdaysorhours. Manyof 
these SfKcimens came from sites with normal NRMs at 
elevations between 1030 and 1040 m which correspond 
to the uppennost normal event of KftW. 

The mean direction of primary magnetisation from 
specimens of types (a) and (b) is D = 216.3°, I = 58.9°, a-95 
s 2.4°, N = 63, compared with a reversed axial geocentric 
dipole field direction of D = 180°, I = 60.7°. Thus, although 
the inclinations are indislinguish^le, we record a clockwise 
rotation of 363 ± 3.T* in declination fiom the axiai d^iolB 
vahie. 

DISCUSSION 

Revised nu^netosfratigraphy of the Blbid River sedkw 

The complete absence of the uppermost normal episode of 
K&W from our 1986BlindRiverresultswasamajor surprise. 
Deqnte the uncertainty in die strike (tf die bedding and hence 
in the conelattoo between Stace Stream aodBlind River, we 
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Fig. 7 The clockwise rotation of the 
Wairoa region of the Noith Island of 
New Zealand, fom Wright & Walcott 
(1986), widi dedinatioii anomalies for 

the southern part of the tectonic belt 
superimposed. BR, Blind River; HR, 
Hinakuru Road; CC, Cape CampbeB; 
DS, Dcadmans Stream. 




Age (m.y.) 



are certain that the uppermost site interpreted by K&W as 
normal (i.e. their site 29), must lie in ihc lower half of our 
Blind River section. We were therefore led to a closer 
inspection ofthe original K&W dataset At only three of the 
seven sites (23-29) in ihc uppermost normal section, were 
demagnetised data used in the construction of the VGP curve, 
and these three sites yield intermediatB VGPs. It is possible 
that, at the four other sites, a strong normal overprint of recent 
origin caused better coherence of the NRM directions and that 
the primary direction was reversed but was not isolated (as 
with our type (c) specimens). From our results we must 
conclodtetitottiys^eveii^isananBbaofincomp^^ 
of the rcmanentmagnetisationandthemetfiodof daiasdection 
used by K&W. 

Our investigations of the levo^als recorded by K&W in 
the lower part of the section are still continuing. We suggest 
that a ncxinal event does exist between 840 m and about 
900 m. We have recorded a normal direction (D = 72°, 
I = -7r, a-9S - 4.9°, N s 10 demagnetised at 23 mT) from 
a site In Stace Stream close to K&W site 13, and we have 
reproduced the details of the R-N transition at 840 m 
remarkably closely (Fig. 5). The original data from K&W site 
52 (elevation 670 m) are also normal (D = 4.5°, I = -71.2°, 
N « 2 demagnetised at 1 99°C). Only after the appUcatkm of 
a three-site running mean, in «rhich the data were averaged 
with data from site 53 some 145 m sUcitigraphically below, 
does it appear reversed. We therefore believe that one, or 
possibly two, normal intervab oocarbetween930 m, tfie i^fd 
to which we sampled in Blind River in 1986, and K&W 
site 53 at 535 m elevation. An R-N transition must then occur 
between sites S3 and 52 — a stratigraphic interval of 145 m in 
which tbeie is no outcrop eicposed in either Blind River or 
Stace Stream. 

Much of the lower part of the K&W record is based on 
NRM directions, but as yet we have no new data by which to 
confirm or revise it The evidence we now have suggests that 
if the two normal intervals of Chron 5 do occur in the upper 
part of the section, then both must be lower than reported by 
K&W. The uppermost reversed portion of the record is 
thickened to at least 350 m, and the reversed interval in the 
middle of the record is shortened to something between 155 
and 295 m, assuming the towermost 400 m (tf the K&W 
record to be correct. 

The best constraints we am now place on the magneto- 
stratigraphy (tftbe section are summarised on the vertical axis 



of Fig. 6. The positions of the transitions as rqxxted by 
K&W, transferred onto the elevation scale of Morgans ( 1 980), 
are retained below 500 m. Above 500 m the two normal 
intervals of Chron 5 have been placed so as to be consistent 
with all observations described above. Plotting the elevations 
of the u^nsitions against the polarity timescale of Lowrie & 
Alvarez (1981), gives an inferred sedimentation curve (open 
circles). Similarly, the open uiangles show the sedimentation 
curve inferred from the reinterpretation by L&K of the 
original data of K&W. 

The main result of our revision is to reduce the variations 
in sedimentation rate between 400 and 800 m, giving a more 
linear fit, with an average deposition rate of 0.53 m/thousand 
years. The first occurrence datum (FDD) of Globorotalia 
conomiozea at 660 m (K&W) is now interjveted as occurring 
near the base of the reversed part of Chron 5 at a date of 5.6S 
m.y. as opposed to the top of Chron 6at 6.1 m.y. (L&K). This 
is considerably closer to the age of 5.6 m.y . at which the FOD 
of C conomiozea has recently been rqxxied both in the South 
Pacific at DSDP site 588 (Ifoden & Kennett I98(S) and In the 
Mediterranean (Langcreis et al. 1984). Whether the Pacific 
and Mediterranean taxa are actually related is uncertain 
(Scott 1980), however, through successive revisions at the 
niagnetostratigrq>hy and chronology of key sections, the 
dates of thdr FODs are steadOy converging. 

The ages of the first and last occurrences of other species 
found in the Blind River section are not significantly affected 
byoivrevlsion. Neiiher can mydiing precise be said about 
the date of the 5"C "shift", as its position cannot be determined 
accurately in the section (L&K 1979). It remains in the ui^r 
part of Chron 6, consistent with reports from other Pacificand 
Indian Ocean cores (Keigwin & Shackleton 1980). 

Tectonic rotations 

We record a clockwise declination anomaly <rf 36 ± 4° in the 
mean direction of primary remanence at Blind River (1986 

results). Blind River is situated in the axial tectonic belt of 
New Zealand (Fig. 1, inset), between the Australian and 
PaciricplalBS,whidiisthoughtlohaveundeqgoneoonsiderabfe 
clockwise rotation during the NeogeneCWalcott 1984). Wrigitt 
& Walcott (1986) have studied paleomagnetic decUnation 
anomalies in sediments from the Wairoa area, in the northern 
pan of the tectonic belL They have deduced a mean laiB of 
lotttion^about S°/m.y., acceloating from 2 'Vm.y. between 
20andlOm.y.to7-8**M.y.finomSm.y.tothepR8enL Tb^ 
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associate this acceleration widi achange in Ae Eider rotation 
pole between the two plates. 

It is not clear whether the southern part of the tectonic belt 
has rotated at the same rate as the norih, but our data provide 
a means of testing the hypothesis for the most recent pan. On 
Rg. 7, the Blind River anomaly, AD « 36 ± 4", if assigned an 
age of 5 m.y . . lies just above the best fitting line of Wright & 
Walcott (1986) for the northern region. Our anomaly is some- 
what greater than two previously repeated results from older 
TongiyKHutuan sediments, at Hinakura Road, Wairarapa, 
aoutbem North Island (AD = 30 ± 8°) and Cape Campbell, 
northern South Island (AD - 20 ± 11°) (Walcott et al. 1981). 
The only other published data from the southern portion of the 
tectonic belt are from sediments of Altonian age (18 m.y.) at 
Deadmans Stream (Mumme & Walcott 1985), which record 
an anomaly AD > 99 ± 12°, also signincanily above the curve 
for thenoidianrMiMLWethereforeconsideritlikBly that the 
defwmadon whidh has been giving rise to tectonic RNaiion 
during the Neogene is more complex in the southern portion 
of the tectonic belt than in the northern portion. 
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Magnetic susceptibilities of Westland-Nelson plutonic rocks: 
Discrimination of Paleozoic and Mesozoic granitoid suites 



A.J.TULL0CH 

New Zealand Geological Survey 
Department of Scientific and Industrial Research 
P.O. Box 30 368 
Lower Hutt, New Zealand 



Abstract A portable magnetic suscqKibility meter allows 
iqrid in sitn estioiatioa of tbe magaediB coDlett of gnoii^ 
rocks, and hmoe provides a guide to their !• or S-tj/pc 

character. 

Except for some muscovite-bearing granites above about 
71% SiO, and some orthogneisses of the Charleston 
Metamoqmlc Group, the susceptibility measurementsclearly 
discriminate between Westland-Nelson granitoids of known 
Mesozoic (magnetite-bearing. I-type) and Paleozoic 
(magnetite-free, S-iype) age. Although some Mesozoic 
granites lade magnetite, no magnetiie^iearing Meonie 
granites have been recognised. 

Precise susceptibility measurements of a suite of S-type 
biotite granites show that their very weak susceptibilities are 
propoftinial to modal Motile content, nmeniteandpynhotite 
in these S-type granites have no measureable affect on 
susceptibility measurements. £>efonnation locally reduces 
suscq)tibility on an outcrop scale, wtiereas contact 
lnelamorphism^ydrothermai alteration miqr increase or 
decrease susceptibility. 

Aeromagnelic anomalies in the Westland-Nelson region 
of New Zealandaie associated more generally with magnetite- 
bearing I-type granitic rocks than with lamprophyre dikes 
(and hypothetical magnetic source bodies), and it is considered 
that several anomalies are due to the granitic rocks, one 
variety of wlUch is appanttly associaied with lamprophyre 
swarms. 

Keywords magnetic susceptibility; Weslland; Nelson; 
granitoid rocks; aenxnagnetic anomalies; lamprophyre dikes; 
magnetite; pynhotiiB: biotite 
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INTRODUCTION 

Magnetic susceptibility is defined as the magnetisation per 
unit magnetic field af^lied. By £k the moat significant 
paramagnetic (i.e. magnelisable) mineral inrodcsismagnetile 
(including Ti-magnetite and maghemite). The paramagnetic 
minerals hematite, ilmenite, and pyrrhotite have 
suscqNiUlities three orders of magnitude leas than diat <tf 
magnetite, and biotite is a further order smaller (Collinson 
1983). Unless otherwise specified, the mineral assumed to 
dominate the susceptibilities reported here is magnetite. 

Magnetic susc^tibility has been used, especially in Japan, 
10 discriminate between ilmeniie-bearing and magnetbo- 
bearing granitdd rocks (Ishihara 1977) which are broadty 
similar to the S-type and I-type granite groups, respectively, 
of ChappeDA WhilB(1974) (Whalen & ChappeU 1988). The 
measurement of susceptibility provides Cor the instant, 
semiquantitative measurement of magnetite content of rode 

The magnetic susceptibility meter used in this study was 
amodelJH-8(Geoinstruments,Finland). Itisbatteiy powered, 
About the size of a paperback bode, and weighs 0.5 kg. It is 
very suitable for routine field use. The units of volume 
susceptibility measured, and quoted herein, are dimensionless 
SI units X 10-». Reading errors are ± 1 at 0-l(X), ± 10 at 
100-1000. and ± 100 at 1000-10 000 scale. 

^gnMic susceptibility is abo recorded fiv most <tf the 
rock samples held in the Geophysics Division rock catalogue 
(Whiteford & Lumb 1975). Measurements on the same 
samples by New 21ealand Geological Survey and Geophysics 
Division instnunenisindicatebothseuofdataiobeipnaally 
comparable (P. J. OUver pen comm). 

Remanent magnetisation has not been measured in this 
study, nor is it recorded in the compilation of rock properties 
hy Whiteford & Lamb (197S). However, some remanent 
magnetisation data on relevant Ifthologies are presetted In 
Hunt & Nathan (1976). 



SEMIQU ANTITATIVB MEASUREMENT OP 
SUSCEPTIBILITY 

Assumingahoroogmeous distribution of magnetite in arock, 
the measured degreeof susceptibility largely depends on two 
factors in relatively unweaihcred rocks — the nature of the 
magnetite itself, and the physical form of the rock in question. 

Kib^netite susceptibility can be affected by two 
parameters — chemical composition and grain size of 
magnetite. The former effect is likely to be relatively small 
provided that the ulvospincl component is not dominant 
(which is likely in these slowly cooled phitonic rocks where 
Tl exsolves into ilmenite). ^ome analytical data fat 
Westland-Nelson rocks is given later and is not considered 
further). A simple experiment was performed to determine 
the effect of magnetite grain size. A sample of magnetite 
powder (P8125) was sieved to three size fractions, which 
were then mixed into 36 g of silicon carbide grinding powder 
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toproduce small "rocks", each containingO.5 wt% magnetite. 
Results (averages of 30 readings 00 each sample, in diiTerent 
orientati(His and 3 ranixings) on <90Mjn, 90-500 ^m, and 
> 500 |im were 73, 67, and 59, respcclivcly, suggesting ihal 
susceptibili^ measurements of rocks should not be used to 
quantitatively determine magnetite conient unless die grain 
sizes arc broadly comparable. This result is the opposite of 
that reported by Shandlcy & Bacon (1966) who recorded a 
marked decrease of susceptibility for grain sizes less than 
c.40^m. However, tbeyachievediheffiangeofgnuisizes 
by cradling, whidi may have had a detrimental effect on the 
results due to transient high temperatures and oxidation. 

Sample form isamuchnoorecriticalfacior when recording 
measurements in the field, than the nature of the magnetite, 
although easier to allow for. Two features affect readings: 
rock surface geometry (roughness), and the size/volume of 
sample. Normal rough surfaces of granite hand specimens or 
outcrops, which keep parts of (be meter bead 5-lOmm away, 
give readings up to ^)% lower than flat-sawn faces, which 
allow the sensor a smooth contact In addition, simple tests 
have shown that the minimum volume required to give a true 
reading is represented by a sample at least Scm thick, 
with a (sawn) face no less than lOx 10cm. For example, 
3 specimens of sample 83/ 11 2 gave the following readings: 
15X 10x5 cm = 4500; 15 X 5 X 3 = 3500; 8 X 3 X 3 = 3100, 
8X3X19 2500. For best results, therefore, samples should 
be^l5xl0xScmand prepared with a sawn face. However, 
providing outcrop surfaces arc of comparable roughness, and 
several readings arc taken over an outcrop, field measurements 
are quite adequate for most purposes. 

Inpractice, 5 or 1 0 readings were taken over an outcrop to 
check for homogeneity. If readings were similar, the highest 
value was recorded. Likewise for hand specimens, for which 
the meter was moved around the sample to achieve the highest 
reading. In either case, providing anomalously high values 
are not observed (suggesting grossly heterogeneous 
distribution of magnetite), the variation is considered to be 
due to imperfect surface geometry, and the highest reading 
reflects the closest approach to the actual value. 



The geometry effect (especially short- wavelength surface 
rou^uiess) coukl have been reduced somewhat by raising the 
detector a flxed amount above the surface by means of a 
spacing bracket (ICassidy pcrs.conifn.) bat this wis not done 
in this reconnaissance study. 

Bewing in mind the size and geometr y oomideniioos 
outlined above, the values reported in Table 1 are considered 
to be within +5 to -10% of the actual value. 

PLirrorac rocks of westlanim«ielson 

Distbictlon ori*type (Meaomk) and S-typc (Pateoiolc) 

granitoids 

Magnetic susceptibility measurements on a representative 
selection of grvtitoid and associated rocks from Westland 
and Ndson CTulloch 1983, 1988) arc presented in Table 1 . 
Samples were selected to represent the compositional range 
exhibited by the dominant granitic rock types. Samples 
which have been chemically analysed are also plotted in 
Fig. 1. 

These data show that the I-type Mesozoic granitoid rocks 
(Rahu and Sq)aration Point Suites), generally yield 
significantly higher susceptibilities than the Paleozoic 
granitoids (S>type Karamca Suite, Tulloch 1983). The most 
important exception is at high SiOj values, where the trends 
appear to converge. Mineralogically the overlap region is 
usually characterised by granites where primary muscovite 
and garnet appear. In at least two of the three Mesozoic 
samples which plot in the Karamca Suite field, garnet 
crystallisation may have removed all available Fe, precluding 
formation decile high oxygen fugaciiy. Where muscovite is 
absent, or a rock is dominated by biotite and/or hornblende, 
magnetic susceptibility can be used to distinguish the Mesozoic 
(I-typc, generally magnetite-bearing) from Paleozoic (S- 
type, magnetite-free) suites. Both groups of rocks exhibit a 
decrease in susceptibility proportional todecreasingFeconient 

Two uniLs (Steele Granodiorite of the Paparoa Range, 
P. While pcrs. comm.; and. at least part of. Tarn Summit 
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TaMa 1 Magnetic nitcq>tibilitiea of iqmenutive Westland-Nelson granitoid and associated rocks. 




Mafic 




X^ll(FTW*t 
ITl B KI ICU^ 


ITnitilirtM>lAiin\ 






■mcAntihilitv (A\ 


Separation Point Sulta 








Onahau Pluton* 
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P45421 
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Knuckle Hill Pluton* 


m,b 


P46441 


10 


Separation Point Balholith granite 
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P901 
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Separation Point Batholith granite 


P46102 


160 


Separation Point Batholith granite 
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P35816 


160 


Separation Point Batholith granite 
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P35825 


soo 


Separation Point Batholith granite 


b 


P35830 


300 


Separation Point Bailioliih granodiorite 
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P35839 


1200 


Separation Point Batholith granodionte 
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P45888 


1400 


Separation Point Batholith granodionte 


h,b 


P35838 


1500 


Separation Point Batholith granodiorite 


h»D 


P359o9 


1000 


Separation Point Batholith granodiorite 


tub 


r359/2 


2500 


Maccy Granite 


II.D 


UU4D320 


1500 


Pensini Granodiorite 
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P38309 


2600 


Pearse Granodiorite 


n,b 


F46113 


400 


Mcintosh Monzodiorite 


n,D 






Rahu Suite 








BaUHillsnmite 


nub 


OU4S269 
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TeKinga granite* 


nub 
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Arahun gmdla^ 


nub 


P45664 


ISO 


MtRqssgrarilB 


nub 
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Pa Fbintgnniii* 
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R^paaw ftanodiarfce 
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D 


OU4520I 


AAA 
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mnina rocpnyiy 
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LZ9/I48Z/3 
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laya Cnek granodionte!* 
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r49Zl3 
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Canavans monzodiorilB* 
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Karamea Suite 








Tarn Summit granite 


m,b 


OU45151 


3 


O'Suliivans Granite 


m,b 


P41937 


8 


Maybelle Bay granite 
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K30/743028 


8 


Banytown C^anite 
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See Fig. 2 


3-19 


Tam Summit granilB 
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AT2016 


14 


Ojpsrm granite 
McWha granite 
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P45397 


10 


b 


P45396 


10 


Foulwind Granite 
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K29/825387 


20 


Whale Creek granodiorite 


b 


L29/433357 


25 


Mt ManleU ^nnodiorite 


b 


GY219 


30 


Tam Sunmut tonaliia 


b 


OU4S087 


26 



Miscellaneous 

Glenroy granulite p,h,b GY302 200-900 

Glenroy granulite p,h,b GYIB 210 

Rotoroa gabbronorite pJub P45391 SOOO 

Rotoroa diorite h,b RT/1 70 

TobinDiorite h.b U 1/328791 55 

Thirsty Creek norite p.h.b P45229 450O 

diorite, E Hohonu River float pji,b P45443 5000 

Camptonite. Victoria Ra pJub AT1517 6000 

Camptonite. Te Kinga pJub P45280 4000 

Trachyandesite, HohooulU pjCb P45574 2000 

Basalt. L. Poerua pjl P45491 ISOO 

Greenland Group greywacke m J31/68S771 18 

Greenland Group argillite m J3 1/685771 20 



(1) Units not directly dated, and included in suite by petographic/chemical correlation, are denoted *. 

(2) Mafic minerals, p pyroxene, h hornblende, b biotite, m muscovite, g garnet. 

(3) Where no sample number is given, the reading was taken at grid referenced outcrop. P, NZGS P 
Collection; OU, OtagD Univeaity Geology Department CoUection; odier aamplea are ATT lanqilB 
numbers. 

(4) SI«nittX10''.aeetBxtfiardiacuMiaaofenw». 



Fades B granodiorite of the Victoria Range, Tulloch 1979) 
whose trace element chemistries, especially moderately hi gh 
Sr, might suggest oonelation with the Rahu Suite, have 
relatively low F^A^ and carry DO magoetite. There is clear 
evidence here of a further distinct gtaoiioid suite or suiies. 



The Tarn SummitFaciesB granodioriteiscutby alcucogranilc 
dike which has a model minimum age of 273 Ma (Tulloch & 
Whiila unpubl. data) suggesting it is unlikely to be Mesozoic. 
Other nuigneiile-fiee Qetaceons piwtonic rocks with Rahu/ 
S^aration Point chemical chaiarteristics. indudtuig 
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moderately high Fe'*/Fe**, occur within the Charleston 
Meiamorphic Group (Kimbrough & Tulloch in press). Such 
rocks are characterised by ductile deformational fabrics. 

Biotite-poor, high SiOjgranites with susceptibility values 
in excess of c. 20-30 probably contain trace amounts of 
magnetite, and are likely to be I-iypcs. Mafic rocks (5 55% 
SiOj) give variable, nondiscriminatory results. Low readings 
for Vac Pearse Gianodiorite On which ibnenite dominates 
overmagnetite) of the Separation PointSuite probably reflect 
the lower oxidation state of these less evolved magmas. 
Conversely, gabbroic rocks from the Devonian Riwaka 
Complex (see Fig. 3) give high (5000 -i-) readings. 

llie magnetic susceptibilities recorded for these rocks are 
presumed to dominantly reflect the modal magnetite contents, 
and. in general, the grain-size variation between granites is 
notlikelytosignificantlyafrectthisconclasion. Fewdataon 
magnetite modal contents or compositions arc available, but 
Nathan (1974)and Tulloch (1979) report 0.5% (av.) and 0.6% 
magnetite, for the Berlins Porphyry and Ripsaw Pluton, 
respectively. Measured susceptibilities forihcse rocks (Table 
1) were 1000 and 900, respectively. TiO^ contents of these 
magnetites are 0.3-4.0% and < 0.1%, respectively; a single 
magnetite analysis (Tulloch impubl.) from the Separation 
Pdnt BathoUth (P4S888. Table 1) yields < 0.1% TiO^. 

Results for two other major groups of rocks are also 
presented in Table 1 . Various basaltic and lamprophyric dike 
rocks give high ( 1 500-6000) readings but are volumetrically 
insignificant, whereas the widespread Greenland Gioup 
metascdimentary rocks give low (18-20) readings. 

The "biotite effect", and pyrrhotite, in S-type granites 

There is a slight tendency for more mafic (biotite-rich) S-type 
granitoids to give higiier susceptibility readings, deqiite die 
qjparent absence (rf magnetite (fig. 1). 

Susceptibility measurements were made Ot a suite of 

granites from the Barrytown Pluton, (Laird 1988) for which 
modal analyses wereavailable (Tulloch unpubL). Hieresults 
are plotted in Rg. 2, where susceptibilities are anmoumaiely 
proportional to biotite content. Pyrrhotite was identified in a 
polished mount of one of the samples which gave a relatively 
high reading (P45611*). However, as its abundance was 
estimated to be < 0.01% of the rock, even at the maximum of 
the susceptibility range for pyrrhotite recorded by CoIIinson 
(1983), its effect on the bulk-rock susceptibility will be 
negligible compared to that of the more abundant biotite. 
nmenitB abundance is estimated to be < c. 5% of the modal 
biotite, and, as its susceptibility is only slightly greater than 
that of biotite (CoUinson 1983), its effect is considered to be 
subordinate to that of biotite. No magnetite was observed in 
optical examination of a polished section of P4561 1. and the 
susceptibility values obtained are consistent with those 
reported for biotite in CoIIinson (1983). Furthermore the 
relatively reduced slaieoftiiebiotite renders magnetite unlikely 
as a eo^isting phase (F^/Fe^ « 0.88 in P4S61 1). 

When crushing granitic rocks in the field and testing for 
magnetite with a hand magnet, the possible occurrence of 
pynfaotite should not be oveilooked. 




*P numbers refer to the New Zealand Geological Surv^ (NZCS) 
Petrology CoDedkm. 



10 15 

Modal biotite (%) 

Fig.2 Magn i aic w tt cqKi b iliyofbiotitegraniletftomflieBi uy l pw p 
Pluton (lUlodiftBnifawaite 1986; Laird 1988)di owlngw i i i ia i tfcMi 
with modal biotitB oontnt New Zealand GeolodhBil Survey 
Petrology CoQection mofae nos P4S600. 4560S. 45608-45613. 

46012. Reading errors on the susceptibility meter are considered to 
be± 1. Biotite modes were obtained from point counts of SOX 
35 mm thin sections. Grain size is mostly in the range 0.5-2.5 1 
and a minimum of 1200 points per thin section were counted. 



Susceptibility variations on the outcrop scale 

Much of die susceptibility variation recorded at outcrops is 
probably due to variations in surface geometry. However, 
some outcrops studied in more detail did reveal variations on 
the 1-3 m scale which clearly indicated heterogeneoas 
magnetite distribution. For example, roadside outcrops of the 
Separation Point Batholith in the upper Buller valley yielded 
values mostly in the range 200-600 (pegmatites = 20-30). 
The measurements wererecordedcnlithologicallyiqniarently 
homogeneous granite over an 800 m section along tf»e main 
road, from M29/719443-726439 (NZMS 260 grid ref.). One 
rather weathered outcrop in this section (P46472) consistently 
yielded much lower values of 20-30. Similar weathering in 
many other outcrops did not greatly affect susceptibility, and 
investigation of a hand specimen revealed that the opaque 
mineral assemblage was dominated by ilmenitc, with minor 
magnetite largely restricted to exsolution lamellae. Although 
Ae susceptiUlity is modi lower dian usual for a bioiiie- 
bcaring Separation Point Suite granite, it is probably still 
higher than a Karamea Suite rock of similar low (2-3%) 
biotite contenL 

On a large outcn^ at the base of Mitchells waterfall in the 
HohonuRangeof North Westland(K32/788390) the variation 
was mostly in the range 1600-2000, but distinctive (20-50 
cm) patches rich in pinkish K-feldspar, and mafic xenoliths, 
were both in die range 3000-4000. A similar effect was 
observed atTotaranui (N25/105433) in the Separation Point 
Batholith, where 30 cm diameter K-feldspar-rich clots have 
susceptibilities of c. 2(X)0, compared with 1200-1500iBli« 
surrounding granite. I consider that these clots represent 
aggregates of early-formed crystals iiKluding magnetiie. 
Such intrqriuton variatioos have not been systenuttically 
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FIg.3 GeoiocKalniqxtfNoclli 
Wesdand-NelKtn showing rdft- 

tionship of Mesozoic I-typc granites 
to acromagnctic anomalies (> 100 
nT) from Rcilly (1970). Maxima 
of anomalies located arc at + or - 
wilh value in nT. On-land data 
were collected at 3 km, offshore 
data at 460 m, above sea level. 
Mesozoic onhogneisses of the 
ChiirlBiliooMBlMiwiphicOiowptw 
not shown. 



Mesozoic and protMble Mesozoic 
type granitoid rocks : 



Biotite and/or hornblende dominaied 
Muscovite dominated 
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- 100 nT contour 
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Hohonu Range anomaly 



Studied in this project, but susceptibility studies have been 
used in detailed studies of complex plulons whidi ooniain 
magnetite (e.g., Gastil et al. 1986). 

Mylonitic and cataclastically deformed magnclilc- bearing 
rocks were observed to have susceptibilities up to 75% lower 
than their adjacent protoUths. For example, mylonitic locks 
(i.e., rocks plastically deformed, at temperatures exceeding 
30O-350°C)inThirsty Creek (K32/915378), near Roiomonau, 
yield readings of 000. The rocks considered to be their 
imdeformed equivalents (Hohonu Range and Jays Creek 
granodiorites; Table 1) give readings of 1400-2500. 
Caiaclaslic deformation bands, 0.5-1 m wide, and rich in 
eiHdoie, cutting Hohonu Range granodiorite in Nfitchells 
waterfall yield readings as low as 400 compared to the 
adjacent granodiorite readings in the range 1600-2000. 

Hydrolhermal alteration in which new magnetite is formed, 
or existing magnetite is altered to other Fe-oxides/hydroxides, 
may increase or decrease susceptibilities. In die aureoles of 
lamprophyric dikes at Mitchells waterfall and nearby Camp 
Point, susceptibilities drop from c. 2000 in the unaltered 
gnnodioriteioc.400adjacemtotiiedilEBS. Hweffectexiends 



c. 40-50 cm out from the dikes, over which distance the rocks 
arc moderately fenitised, so measurements tocharacterise die 
bulk volume of granites should not be made in the vicini^rf 

dikes. 

Conversely altmtion of the aegirine-riebeckite granite 
dikeatSannsCreek(Takaka)locaUyincreasegsuacqHibilities 
from 10-20 to c. 3000 where hydrothennal magm^ has 
replaced mafic minerals, in an eariy st«ge of hydrothemul 

alteration. 



AEROMAGNETIC ANOMAUES OF NORTH 
WESTLAND-NELSON 

Review of observed anomalies 

Aeromagnetic maps (Rcilly 1970—1:250 000, 9 km line 
^[laciitgs) of the Ndson-North Westland foreland defme four 
main anomalies > 100 nT(Rg. 3). Hie rdadonship between 
these anomalies and the rocks that underlie them is discussed 
below. The following discussion is based on induced 
magnetisation (Le.. susceptibility) data only. However, the 
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fewdataonremanentmagneiisation that areavailabk suggest 
that induced mi^netisation (Ji) is anxoximately equal to. or 

greater than, remanent magnetisation (Jr) for the rocks in 
question. Thus Hunt & Nathan (1976) reported that for 
Beilins Porphyry, Mcintosh Monzodiorilc,and Bullcr lampro- 
phyie dikes. Ji (A/m) > 0.479, 5M, and 2.86, reflectively, 
while/r (A/m) = 0.181. 8.21. and 2.46. le^ectively. 

Separation Point-Lake Rotoroa 

Hiis extensive anomaly is largely related to die Rotoroa 
Igneous Complex and its presumed extension under the 
Moutere gravels (Hunt 1978) and the Riwaka Complex. 
Ifowever, much of the western edge of die anomaly is 

underlain by, and apparently related to, magnetite-bearing 
biotite and homblendc-biotile I-type granites of ihc Separation 
Point Batholith. Low values over the central part of the 
Separation Point Batholith due east of Kaianiea are probabl y 
due to a dipolar effect from die intense Riwaka Complex 
magnetic anomaly to the north. Although the southern 
segment of the Separation Point Batholith lies outside the 
anomaly, much of thissegmentcomprises muscovite-bearing 
granites, in which magnetite is low or absent (e.g. Table 1 
samples P901, P46102) because of the paucity of Fe in these 
idativdy higlily evolved rods. 

MtGovSani 

A small anomaly, with a maximum of 240 nT. is situated on 
the northeastern margin of the Karamea Batholith. Although 
not mapped in detail, most granitoid samples (c. 20) available 
in the NZGS Petrology Collection from within the anomaly, 
have 1-type characteristics and suscq>tibilities in the range 
2S(M000(av. 1300). Thesevaluesaiemuchhigherthantfie 
surrounding K:iramca Suite granites and Lower Paleozoic 
sedimentary rocks, and the I-lypc granites arc considered to 
bethesouiceoflheacromagnetic anomaly. Parallelism of the 
anomaly widi the trend of the Separation Point Bathdidi (and 
die SeiMiration Pohit Suite Mo-granite belt) strengthens the 
association, although the anomaly is based only on three 
flightlincsofdata. The only mafic dike rocks in the collection 
woe a dolerite and a basalt, widi snscqMibilities oi ISOO 
and 600. 

Inangahm 

This magnetic anomaly has been attributed to a hypothetical 
source body for camplonilic lamprophyrcs by Hunt & Nathan 
(1976) but Uiey also considered die Mclnt(»h Monzodiorite 
(Separation Point Suite) to be a possible source. However, 
recent suuciural studies (TuUoch & Kimbrough in press) 
suggest that much of the area immediately north of the lower 
Buller Gorge is allocihonous (i.e.. it has been detached iirom 
its originally contiguous middle/upper ciust and is now 
tcctonically juxtaposed on uplifted lower/middle crust). This 
suongly suggests that the Berlins Porj^hyry and Mcintosh 
Monzodiorite are "loolless". and are unlikely to be directly 
related to die rocks responsible for die Inangahua magnetic 
anomaly. 

Ilohonu Range 

This anomaly, for which only partial acroniagnctic map 
coverage is available, is also associated with camptoniiic 
lamprophyre dikes, and an origin similar to that for Inangahua 
has been proposed by Hunt & Nathan ( 1 976). However, odier 



magnetic rocks do occur in the region (cf. Hunt & Nathan) in 
the fonn of relatively highly magnetic I-type granites of the 
Rahu Suite, which dominate the HohonuRangc, as well as the 
ranges south to, and including, Mt Tuhua (e.g., samples 
P45924,P45154,P46002.Table 1). Theaveragesusceptibility 
of the lamprtqihyiic rocks is maiginaUy greitfer Uuui diat for 
the granitdds, but diey only account fi3r< 5% of the exposed 
rocks (Hamil 1972). 

Less intense anomalies also occur near Rockvillc in 
Golden Bay and off die coast near Karamea. The former is 
obscured by uppex CenoBOic aedimcntt but could possibly be 
related to an extension of the Central Sedimentary Belt 
(Cooper 1979). A 45 nT anomaly over the Victoria Range is 
probably related to Uie I-type Ripsaw, Mt Ross, and Macey 
pluions (Table l)(TnUodi 1979), but lampraphytedikesabo 
occur, although less frequently than in the Inangahua and 
Hohonu areas. The magnitude of the Victoria Range anomaly 
may have been decreased by the "dqiolareCfect" of the stnng 
Inangahua anomaly to die NNW. 



DISCUSSION 

Aldiough Hunt and Nathan conclude that the Inangahua and 
Itohonu magnetic anomalies are related to hypodietical 

lamprophyre source magma chambers, I suggest that the 
correlation of at least some of the positive anomalies with I- 
type granitoids is significant. As remanent magnetisation has 
not been measured, the suscqitibili^ values cannot be used 
directly in interpretation of the aeromagnetlc anomalies. 
However, remanent magneti-sation is likely to be of similar 
magnitude to the measured induced component (sec above), 
and the orientation of the dipolar effect south of the Inangahua 
and Gouland anomalies suggests that the remanent component 
is indeed approximately in the same direction as the induced 
component (i.e. normal). Furthermore, magnetosualigraphic 
data (Haq ct aL 1987) indicate diat > 75% of die period of 
Early Cretaceous friutonism was magnetically normal, and 
the paleomagnctic data of Grindley & 01iver(1979) indicate 
that < 50° of rotation has occurred since the Late Cretaceous. 
Huis. the susceptibility values should be appniximalely 
proportional to the intensity of die anomaly 

The association of lamprophyres with such anomalies 
may in fact be sccoiuku-y in nature, that is, the lamprophyre 
swarms appear to be closely associated with the Rahu Suite 
I-type granites, as the three main lamprophyre swarms 
(Inangahua, Hohonu and Victoria) are also centres of Rahu 
Suite plutonism. Conversely, most mafic dikes intruding the 
Greenland Group are basalts. The Gouland anomaly and the 
Separation Point BathoUUi apparently completely lack 
lamprophyres, and only scarce basaltic dikes are reported. 
Worldwide, there is recogni.scd a general as.sociation of 
lamprophyrcs with slighUy older granitoid rocks (Carmichacl 
et al. 1974). This relationship may only be circumstantial, 
wiUi die lamprophyres following fractures produced earlier 
by the granites, and possibly deriving some secondary "volatile 
additives" (Rock 1977)fromalong-livcd,decp,hydrothermal 
circulation system sa up by the passage of the hot granites to 
die upper crust. However, the apparent association of some 
lamprophyres with a particular type of granite (equivalent to 
the "I-Caledonian" of Pitcher ( 1 982) i.e., Caledonian granites 
in die U.K., Rahu Suite in N.Z.) may suggest a more direct 
relationship, as rccendy proposed (Macdonald etaL 1986) for 
Caledmian magmausm in die U.K. 
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Although there is some evidence (Cooper 1986} for the 
existence of a lamprophyrc source body under the Haast 

swarm, a significant local increase in mclamorphism, which 
would be expected in the exposed rocks only 2 km above a 
body of any significant size, is not evident in the metamorphic 
nuq;)of Cooper (1974}.Furthermois. if sucbabody as shallow 
as 2 km at Ibast only gives rise lo 40 nT anomalies, then a 
similar body 10 km deep (Hunt & Nathan) at Inangahua is 
unUkely to contribute a s ignificant component of the observed 
400 nT anomaly. 

In summary, I conclude that where lamprophyres occur as 
the sole magnedc locks, as at Haast. the ancMiudies are weak; 
where magnetite -bearing granites occur on their own 
(Separation Point, Gouland) moderate anomalies arc produced. 
The largest anomalies (Inangahua and Hohonu Ranges) are 
associated with the proximity of both lamprqiihyres and 
magnetite-bearing granites, although it is unlikely that the 
Berlins Porphyry and Mcintosh Monzodiorite COOtrOxite 
significantly to the Inangahua anomaly. 

CONCLUSIONS 

1. The presence of magnetite in rocks can be readily 
ascertained in the field (or laboratory) with a light-weight 
portable magnetic susceptibility meter. 

2. Most Mesozoic granites in Wes tland-Nelson contain 
magnetite; conversely no magnetite-bearing granites of 
Fateozoic age are known. 

3. Weak susceptibilities measured in S-type granites of the 
Kanunca Suite are proportional to bioiite and considered 
tobeduetobiotite. PynrhotiteiscoounoainsDCh granites 
but occurs in amounts too small 10 be measured by the 
equipment used in this study. 

4. Some aeromagnetic anomalies in Westland-Nelaon may 
be due, at least in part, to associated magnetitB4)earing 
I-typc granites. 
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Abstract 18 new radiocarbon dates were obtained for 

organic materials, associated mainly with soils buried by till, 
firom sites in the lateral moraines of Mount Cook glaciers, 
particularly the Tasman. The 23 New Zealand (i.e.. Institute 
of Nuclear Sciences, DSIR, Lower Hutt) dates now available 
fhxn the Tasman Glacier, taken at face value, indicate that 
there were glacier expansion periods there about 3450-3000, 
2280. 1800-1620. 1200-900. 860. 680. 340. and < 250 
iBdiocaibon yean ago. Taking into accoont die statistical 
counting error, the ages of some of the date sets overlap. 
Excluding a few problematical age determinations, and those 
on whole soil samples, the full range of dates now available 
firom moraines of Mount Cook glaciers (including Uiose £nom 
the New Zealand laboratory md a laboratory in Hannover, 
West Germany), taken at face value, shows that glacier 
expansion episodes have occurred: c. 8000 years ago, probably 
in the 6th millennium B.P., c. 3690-3000, c. 2550-2280, 
c.2110-1620,c. 1255-900,c. 860,c680.c550.c340.and 
< 250 radiocarbon years ago. 

The dates and the associated geomorphic evidence indicate 
that the glacier shrinkage which ensued from aboulAJ). 1900 
loatkastAJ). 1984 has been die most profound for at least 
the last 3S0O years. 

Keywords C-14; dates; Mount Cook; glaciers; moraines; 
Tasman Glacier, chronology; glacier expansion; glacier 
shrinkage; erosion; collapse; paleomoraine surfaces; paleosols 



INTRODUCTION 

Plant rNnahis and soils are buried and preserved in glacial 

moraines, particularly through plastering of ice-marginal 
debris over pre-existing surfaces, as glacier levels rise during 
expansion periods (Burrows 1973). Nine ladiocaulxn dales 
from the Mount Cook region were earlier reported from 
samples taken from sites exposed by glacier shrinkage and 
subsequent erosion in die lateral moraines of the Tasman and 
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Mueller Glaciers and from a moraine in Black Birch Cieek 
(Burrows 1973. 1980). This paper reports 18 ad(fitional dates 

from the Tasman, Ball, Mueller, and Hooker Glaciers; 5 were 
briefly described by Burrows & GellaUy (1982) and another 
4 by Gellady (1982). The woriE resolied firom visits to die 
region in November-December 1980 and November 1981. 
The dates reported here and in Burrows (1973, 1980) were all 
obtained at the Institute of Nuclear Sciences labocaiory. 
Lower Hutt. New Zealand. 

Other dates fiom samples collected from mondnes of die 
Mount Cook glaciers have recently been published (Gellatly 
et al. 1985; ROthlisbcrger 1987). The dated samples were 
collected by F. ROdilisberger and A. Gellady early in 1980 
and processed at the Niedersachsisches Landesamt filr 
Bodenforschung, Hannover, West Germany. Some of them 
were obtained from the same general localities as the samples 
whkh are listed here, but for onlyafewisitpossiUetobe 
sure that exacdy the same horizons were sampled. 
Comparisons are made later, in the discussion. 

The dates arc presented in Table 1 according to the half- 
life for radiocarbon of 5568 years (old V/i), the half-Ufe of 
S730 years (new VJi), and die latter, also corrected for secular 
variation in the formadon of radiocarbon. In dte text, only die 
uncorrected dates, according to the 5568 year half lifo, are 
referred to (i.e., "radiocarbon years'^. 



BALL GLACIER: BALL BLUFF SITE 

The Ball Glacier is a west bank tributary of the Tasman 
Glacier, 10 km upvalley of the Tasman's terminus (Fig. 1). 
Ihe Ball Glacier surDace, in AD. 1883, near the coofliMnoe 
ofthe two glaciers, wasabove die lewd of a high mondnecrest 
(about 1070 m above sea level), (Green 1 883) and it remained 
high diere until about 1930. By 1981 it had shrunk some 
90-100 m bek)w this level and there had been considerable 
lateral erosion of the ice-marginal deposits (in places back to 
bedrock). About 100 m up the southern side of (he valley of 
the Ball Glacier from die old Ball Hut site, die glacier 
shrinkage revealed soil layers and remains of vegetatioa 
which luid been burfed as the glacier volume increased after 
a previous period of shrinkage (Fig. 2). In 1981 the glacier 
surface was 40-50 m below the lowest observed organic 
dqiosiL The soQ and plant remains form a discontinuous 
manUe over steep (25 -45°) bedrock, firm bouldery till, and 
possible kame orcolluvial deposits, which formed the ancient 
sidewall of the glacier valley. IhthislocalitydiereisiioweU- 
defined lateral mwaine. 

All of die dates obtained (NZ 5501 , 3220 ± 60 years BP.; 
NZ 5502, 3220 ± 80 years B.P.; NZ 5503. 3130 ± 80 years 
BP4 and NZ 5508, 2990 ± 100 years BP.) may record die 
same episode of rise of die Racier surfiaoe during a single 
expansion period (Fig. 3) . Although they form a chronological 
sequence from bottom to lop, die ranges of die dales (± 2 
standacddeviations)avedap. Itislikelydiat^aciereqMnsion 
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began to bury soil and vegetation about 3200 radiocartxm 
years ago and that the ice sivface rose progressively higher to 
reach a level near or above the highest position reached in 
A.D.1880-1890. There is no indication from this site of any 
fluctuations of tlie Ball Glacier during the period 3200 
radiocarbon years ago to A.D. 1880, although this is likely, 
from other evidence to be considered later. 

Prior to 3200 radiocarbon years ago the north-facing 
valley-wall slope at Ball Bluff was densely clad in vegetation 
containing Podocarpus nivalis (and probably other shmhs 
and herbs including Chionochloa spp., which usually 
accompany it on such sites), under which a mature steepland 
soil had formed. Stems cl P. nivalis, up to 2 m long and 
100 mm in diameter, were observed. The exposed paleosol, 
where it is still intact, consists of a thin, dark-grey, organic, 
silty A horizon over a ye! lo wish-brown, sandy , silty B horizon, 
up to 30 cm thick (Table 2). In many places only a tnincated 
B horizon remtuns. The maturity of the subsdl indicates a 
long period of undisturbed soil formation (cf. data in Gcllatly 
1982). The A and B soil horizons at this site (Table 2). and 
others to be described later, are piedominaotly silty and 
sandy, often with few ax no coarser clasts. 



TASMAN GLACIER: OLD BALL HUT SITE 

As the ice support has been lost during glacier shrinkage, the 
lateral moraines of the Tasman Glacier near the Ball Hut site, 
attmd just south of the Ball Glacier confluence, have begm 
to ooUajpse. Extensive fissuring and nanos £ault-scaip 
formation is evident The slump features occur at intervals 
uphill, forming a complex series of large subhorizontal 
cracks on the valley wall colluvial cones, and even on itie 
bedrock of the dividing ridge between the Ball and Tasman 
Glaciers c. 500 m above the glacier surface. On the proximal 
side of the right-lateral moraine of the Tasman Glacier, deep 
and very steep (30-60°) gullies, with intervening sharp ridges, 
have been eroded in the firm till (Fig. 4). Paleosols and 
vegetation remains are exposed along the collapse scarps and 
eroded proximal moraine surfaces. 

In the absence of precise levelling, and because of the 
variable amounts of vertical collapse, it is often difficult to 
relate the levels of organic deposits and soils to previous 
positions of lateral moraine crests or any fixed points. Thus, 
although during the ficldwork careful estimates weremadeof 
positions of dated dqx>sits, in relatioa to the iqipennost 



Table 1 RacBocaibon dates from (he Mount Cook region. 



D«et(yeartB.P.) 



Laiborataiy no. Old Vh New T^^ 



NewT'/i 
cooecied 



Material 



Slratigraphic 
porinon 



Slgnifieance 



Tasman Glacier: Ball Bluff site (grid rcf. H36/832278, altitude 1050-1085 m) 

NZ5S01 3220 ± 60 3320 ± 60 3320 ±90 Branches from soU 

rai£Boe 



38 m below crest of 
A.D. 1880 ice limit. 
40 m above pieaent 



NZSS02 3220 ± 80 3310 ±80 3S20±90 
NZSSQ3 3130 ± 80 3220 ± 80 34I0±80 
NZSS08 2990±I00 30801110 3260±160 



Bimdies from nil 18mbelowGfeetitf 



Series of dates for a glacial 
expansion which progreas- 
sively buried a soil ar^ 
vegetation; they postdate a 
poiod of soil and vegetatian 
development 



surface 

Branches from foil 

surface 
Soil, peaty organic 

matter and twigs 



AD. 1880 ice limit 

15 m below crest of 
A.D. 1880 ice limit. 

12 m below crest of 
A.D. 1880 ice limit 



Tasman Giaclen Old BaU Hut site (grid ref. H36/832278 - 83S285. alUtude 1015 -1065 m) 



NZS33S 2280±S0 23S0± 50 2410 ±80 

NZ5507 1195±10S 12301110 117S111 

NZ5505 1035 ±60 1065 ±65 1015 ±65 

NZ5S06 <2S0 <2S0 

NZ5504 <2S0 <2S0 



Branches from soil 
surface 



Branches from soil 
•wfaoe 



Branches from soil 
■ufaoe 



Bmcfaes from toil 
suifaoe 

Twigs and ofganic 
aoU 



Proximal side of a 
fossil moraine, 50 m 
bdow moraine crest 

On a fossil moraine 
aestS-Sm below 
mocaiiiB ciest 



Dates a period of glacial 
expansion; fnstdatea a 
poiod of soil and vogo- 
talion development 
Dates a period of gladal 
cgcpansion; postdates a 
period of soil and 
y^etation developmem; 
assumed to be die same 
surface as for NZ 5S0S. 
PMximal side of Dates a period of glacial 
fi>ssil moraine, expansion: postdates a 

12-20 m below pteriod of soil and 

moraine crest (which v^elatkmdevda|ment 
is much eroded). 

Beneath dqxMtit of Dales a period of glacial 
flow till 2.Smbek>w 
its surface. 

Former moraine 
stirface 2 m below 
monune crest 



Dates a period of gjacial 
expansion. 



(PoH&med on f gang pag^ 
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motaine crest (A.D. 188Q), there may be some clevatioiial 
disciqnnctes between die estimated positions of paitiadar 
horizons and thoae leconled in earlier studies ^unows 

1980). 

Figure S shows the two main localities near the dd Ball 

Hut site (northernmost) and the present Ball Shelter 
(southernmost). Most of the exhumed paleosurfaces which 
can be observed in this locality represent former proximal 
sides of lateral moraines; a few aie crests, or distal sides of the 
lateral moraines. One locality near Ball Shelter (X in Fig. S) 
is a place where an outflow of debris from the glacier surface 
occurred through a depression in the moraine, burying a soil 
and vegetation (Fig. 6). The dates so fiar obtained from these 
sites (including those given in Burrows 1980) fall into Ave 
sets(al)OUt2280, 1800. 1110. 680,and<250yearsB.P.). The 
dates within each set overlap (± 2 s.d.). 

The surfaces that were dated had existed long enough for 
vegetation to grow on them (often on both their proximal and 
distal faces) and for soils to develop (Fig. 6, 7, 8, 9). The main 
plant species, idcntincd from wood, leaf and other plant 
remains, are Podocarpus nivalis rndPhyUocladusalpinus. A 
few mosses and herbaceous angiospcrm species have also 
been identified. On the paleosurfaces dated 2280 ±50 years 



BP. 9C S33S)and684 ±48 years BJ>. (NZ ni\P,iuvalis 
was very abundant on die proximal side of the monJne. At 

one locality near Ball Shelter, in November 1 98 1 , remains of 
a P. alpinus shrubbery, in situ, dated 1035 ± 60 years Bf . 
(NZ 5^5), was in view on Ae «dHimed proximal side <tf dte 
fossil lateral moraine (Fig. 9). 

Each individual palcomorainc surface, with plant remains 
and soils on proximal and distal faces, indicates that, after a 
period of moraine construction during a glacier expensim 
period, die glacier then shrank downwtnl bdow the crest 
The lengths of glacier contraction periods are difTicult to 
determine, although the development of yeUow-tux)wn soil B 
horizons CKUe 2) as well as shrubby vegetation cover on 
mon^ snrfiKes. suggest an ehvse of at least hundreds of 
years between some of the expan^on periods. Subsequently 
the moraines were overwhelmed as the ice level rose again 
and till or other ice-marginal debris was deposited, encasing 
and preserving the plant remains and soil. As the moaines 
presentl y erode or collapse, the outl ines of the former moraine 
surfaces arc often revealed by the soils, or sometimes by lines 
of yellowish, weathered cobbles and boulders. Complete 
profiles of some fossilised moraine crests are evident (Fig. 7). 
Hiey were preserved by rises of the glacia level high enou^ 



Table 1 (Contiiuudi 



Duet (years B J.) 



NcwT'/i 

Laboraloiyno. OldT'A NewT'/a corrected Material 



Stratigraphic 
positioii 



Signifi 



Taanaa Gtaclen Novani site (grid lef. H36/8674S9 -46a altiiude 1005 -1 050 
NZ5334 34S0± 80 3SS0 1 80 3810±110 Bimchea firom nil 

nifaoe 



NZS333 3360 ±110 3460 ±120 3690 ±140 Soil-like apparently 

wner-Iaid dqnsit 



NZ5S00 1660 ±65 1710±6S 1645 ±70 Twiu from above 



NZ5332 1620 ± 65 1670 ± 65 1600 ±65 Branches fiom soU 

surface 



NZ5254 933 ±58 961 ±60 



NZ5331 864 ±58 889 ± 60 841 ±63 



NZ:330 343 ±56 353 ± 58 425 ±58 



Soil 



Branches from soil 
■urfaoe 



Branches from soil 
(urfaoe 



Mueller Glacier: Left-lateral moraine (gridref. H36/753191, altitude 920 m) 
NZ5329 1130 ± 45 1160 ±45 - SoU 



Hooker Glacier: Hooker Hut dte (grid lef. H36^75398, altinide 1080 m) 
NZS253 684 ± 57 7QS±S9 - Sedge leaves fiom 

riwvesoil 



m) 

70mbek>wcrastof 
moraine, 40 m above 
present glacier. 

43 m below moraine 
crest. 



21.5 m below moraine 
oesL 



26 m below moraine 

crest 

14.0 m below moraine 
crest. 



17 m below moraine 
crest. 



10 J m below moraine 
crest 



14 m below moraine 
cnat, 90 m above 
present glacier. 



Dates a glacial expan- 
sion; postdates a paiod 
of soil and vegetation 
dcvclopsnent. 

Enigmatic; may date soil 
material which has been 
redcposited after moraine 
disturbance. 

Dales a glacial expansion; 
postdates a period of soil 
and vegetation development; 
assumed to be the same 
surface as for NZ 5332. 

Dates a glacial expansion; 
jxisidates a period of soil 
and vegetation development 

Dates a soil which was 
buried by a glacial expan- 
sion; assumed to be the same 
surface as for NZ 5331. 

Dates a glacial expansion; 
postdates a period of soil 
and vegetation 
development. 

Dates a glacial expansion; 
postdates a fwriod of soil 
and vegetation development. 

Dates a glacial expansion; 
postdates a period of soil 
and vegeUttioa devekipment 
(cL 104507. Buiowsl98(9. 



On 3 m+ sand; beneath Kfininul age for Istend 

13 cm sandy soil moraine and dales burial 

buried by >3 m of of soil by snow 

coarse colluvium; in avalanche-dqwsiled 

trough on distal side debris, 
of moraine, 60 m 
above present glacier. 
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Fig. 1 Localities of radiocarbon 
sample sites mentioned in the text. 
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Fig. 2 Exhumed soil with wood (arrows). Ball Bluff site, here Fig. 3 Diagram of Ball Bluff site with exposures of exhumed soil 
dated 3220 ± 60 years B.P. (NZ 5501). with wood. 
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Fig. 4 View of proximal side of 
Tasman Glacier west lateral 
moraine, near theOldBall Hut site, 
from the surface of the Tasman 
Glacier. Ball Bluff is on the right. 
Note slump cracks on slopes above 
the moraine. 



ridga between Ball 
and Tasman Glaciers 



vegetated elopea 



soil on txhumed proximol 
lurfoc* of moroin* 



Ball 
shelter. 
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moraine i035t60yrBP NZ 5507,1199* 105 yr B P 
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«60yrBP "'42 440' ■'—'^ 

fiz 5335, 2280 '50yr B P 



vwticol and horizontal 
tcalt 



-down valley 

Fig. 5 Diagram of collection locations near the old Ball Hut (A, B) and Ball Shelter (X, Y) (cf. Fig. 4). 



to overtop the earlier lateral moraines and spill debris (dump 
till) down the distal sides. The resultant is a composite laterjil 
moraine ridge containing some of the evidence of its complex 
history in the form of superposed palcosurfaccs, often with 
soils (Burrows 1973, 1980; ROihlisbcrgcr 1976). No clear 
evidence is available from the present study to judge whether 
proximal faces of former moraines have ever been eroded by 
fluvial or glacial processes, or whether earlier moraines 
underwent any collapse, prior to the processes which are 
occurring now. Evidence of possible disturbance of paleo- 
surfaces is outlined in the discussion. 

TASMAN GLACIER: NOVARA SITE 

On the eastern side of the Tasman Glacier, beneath the slopes 
of Mt Novara, erosion and a collapsed section of lateral 
moraine have exposed soil and plant remains extending about 
300 m along the moraine (Fig. 1 0, 11 , 1 2). At the northern end 
of the exposure, soil profiles on very steep bedrock and till 



(35° or more) arc inaccessible. Elsewhere the proximal face 
of the moraine lies at about 25-35°. This site was discovered 
by F. ROthlisberger and A. Gellatly in 1980. 

The distinct, dated sffata, in sequence, beginning with the 
lowermost (about 40 m above the glacier) are now described. 
A soil up to 25 cm thick, with wood fragments dated 3450 ± 
30 years B.P. (NZ 5334), lies on a slope of about 25°. A date 
of 3360± 1 10 years B.P. (NZ 5333) was obtained from a thin, 
horizontal, yellow-brown, soil-like layer 27 m higher. This 
horizon seems unrelated to the lower soil. Unlike the buried 
paleosols in the moraines, it appears to have been deposited 
by water. 

Next in sequence are soil exposures, about 33 m and 38 m, 
respectively, above the lowermost soil, but about 250 m 
further south. Two dates from wood, 1620 ± 65 (NZ 5332) 
and 1660 ± 65 years B.P. (NZ 55(X)), are interpreted as being 
for separate exposures of one soil. Two dates 864 ± 58 (NZ 
5331), for wood, and 933 ± 58 years B.P. (NZ 5254). for soil, 
were obtained from soil exposures 4 m and 7 m higher. 
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Fig. 6 Diagram of exposure at X, Fig. 5, showing a lower soil 
(dated 1 195 ± 1 05 years B .P., NZ 5507 at position 80 m to the south) 
and an upper soil, with wood, dated < 250 years B.P. (NZ 5506). The 
latter had been buried by flow till extruded through a depression in 
the former moraine. 



unknown amount of morome 
lost by recent rill erosion 



NZ5S04;<250yr BPIot B) 



proximal 
side 





^NZ 71l,68414eyr BP 
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•Oil 
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Fig. 8 Comjxjsite diagram of buried soils and former moraine 
surfaces at A, Fig. 5. 





Fig. 7 Exposure in gully at A, Fig. 5, showing former lateral 
moraine crest outlined by soil with wood (arrows), dated 684 ± 48 
years B.P. (NZ711). 



Fig. 9 Exhumed soil with wood, representing ifomerPkyllocladus 
alpimts shrubbery (arrows), on the proximal side of a former lateral 
moraine at Y. Fig. 5. Dated 1035 ± 60 years B.P. (NZ 5505). Some 
modem plants are evident, fallen with blocks of soil from the eroded 
moraine crest above. 
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lespoctivdy.thantheMgherofihepievioostwodttBd horizons. 

These, also, arc judged to be from separate exposures of one 
soil. The older, soil, date is judged to be less precise than that 
for wood. Finally, some 3.5 m higher than the uppermost of 
the last two dated horizons, and lO.S m below the present 
moraine crest, a date of 343 ± 45 years B.P. (NZ 5330) was 
obtained for wood, on a soil. The fossil wood from the Novara 
site includes Podocarpus nivalis and Phyllocladus alpinus. 

The reconstnided, composite sequence of buried paleo- 
morainc surfaces at the Novara site is shown in Fig. 12. Taken 
at face value (and excluding NZ S333), the dates fall into four 
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sets (about 3450. 1650, 860 and 340 years BP.)' However, 
when the Novara dates are compared widi tfie Ball Bhiff - 

Ball Hut dates (Tabic 3), some of the sets overlap, within the 
range of the youngest and oldest date, ± 2 s.d. (1405-8S0, 
980-748, and 780-588 years BP.). This demonstnles the 
difnculty of using radiocarbon dates to pinpoint events and 
for correlation, when the original dates are chronologically 
close and have a standard deviation of 50 years or more. 
Judged by the stratigraphic evidence, it is probable that there 
were at least two distinct glackr eiqMnsion events between 
1405 and 588 radiocarbon years ago. 



MUELLER GLACIER 

A date of 1 130 ± 50 years B.P. (NZ 5329) was obtained firom 
a thin soil lying 1 m above a more prominent sdl in the left- 
lateral moraine of the Mueller Glacier. The latter soil is 
assumed to be that which gave the date 1010 ± 50 years BP. 
^4S07)(Barrows 1980). Thedatesarewithinihesameage 
range and appear to indicate the same episode of glacier 
ejqiMUision. 



HOOKER GLACIER 

Some 120 m south of the Hooker Hut site on the western side 
of the Hooker Glacier, leaves of sedges which lay over a 
buried soil were dated 68S ± 57 years B.P. (NZ 5253) 
(Fig. 13). The soil had formed on a sand and sill layer filling 
a trough on the distal side of a lateral moraine crest some 
60 m above tfie present glacier sm&ce. The leaves and aofl 
had been buried by a large, still active, colluvial cone which, 
each winter and spring, has rock debris deposited on its 
surface by snow avalanches. The date provides a minimal age 
for formatioa of the moraine (which A. F. GeUatly (pen. 
comm.) assumes to be much older, on rock weathering rind 
evidence). It also indicates the time of burial of the soil by 
snow avalanche activity which may have been more vigorous 
than now. 



DISCUSSION 

Other published dates and interpretation problems 

GeUatly CL al. (1985) published 23 radiocarbon dales from 
mmahies in the central Southern Alps, hicluding 4 from die 

Ball Hut site, and 9 from the Novara site. All samples were 
cdlected early in 1980,eilherbyF.R0lhlisbcrger,orby R5th- 
lisbeiger and A. GeUatly, and processed in the Hannover, 
WestGermany.radiocarbon laboratory. Gellatly (1982) listed 
9 more radiocarbon dates for samples also collected from 
lateral moraines of Mount Cook glaciers by F. ROlhlisbcrger, 
or by ROihlisberger and herself (2 from Dixon, 1 from 
Wheder, and 2 fiom Baker Glaciers, all tributaries of the 
Murchison Glacier; 2 from Mueller and 2 from Hooker 
Glaciers). These latter dates and others from Wcstland were 
published by ROthUsbcrgcr (1987). 

The array of dates for the Ball Hut and Novara sites will 
mainly be considered here, although, by means of acomposite 
figure (Fig. 14), comparisons are made between dates for 
these and other samples from the Mount Cook region. 
Comparisons are also made between 8am{^ where material 
from the same horizon was dated by both the New Zealand 
and Hannover laboratories (Table 4). 



Tabk 2 Soil proGlei from exhumed paleonirfacet in lalnal 
moninet in the taamm Valley (we Fig. 1 for atet). 



Ban Blnff site 

1. On 30* ilope, 38 m below crast of moraine: near 

locality for Bami^e NZ 5501. 

m 

A 10-15 cm greyish-brown (lOYR 5/2) organic sandy 

silt, with branches and roots of slirtibs, 
B 10-30 cm bright yellowish-brown (lOVR 5/8-6/6) 
sandy silt with some angular pebbles near the 
base, on pale brown-wcathcrcd (lOYR 6/3) bedrock. 

Old Ban Hot dte 

2. FtoGle exposed 2 m below crest of monui)e;loealiQrfi>r 

sample NZ 5504. 

Till, 

A-C 8-15 cm slightly organic sand, 
till. 

3. ftofile exposed 4 m below crest of moraine; 

legality for sample NZSS07. 
Bluish-grey till, 
A 5-10 cm dark brown (lOYR 3/3) organic sandy sill, 
BG 5-8 cm pale grey (lOYR 5/1-5/2) stony sandy silt with 
small pieces of wood (Ttoots), 
2 nun Bon pen. 
dull grey tilL 

4. On 25-30" sk>pis 14 mbetow crest of moraine; near localiqr 

for sample NZS50S. 
Till, 

A 10 cm dark brown (lOYR 3/3) organic sandy silt, 
B 20 cm brown to dark yellowish brown (lOYR 4/3-4/4), 
or dark greyish l>rown (lOYR 4/2) sandy silt with 
diin (2 mm) iran pan lop and bouom, 
tiU. 

Novara site 

5. Profile expoaed 17 mbetowciest of maraine; locally fisr 

sample NZ 5331. 

Till, 

A-C 5-20 cm greyish-brown (lOYR 5/2) organic silty sand 
with small branches andioois. 
thin (3 mm) iron pan, 
till. 

6. Profile exposed 26 m below crest of moraine; locality for 

sample NZ 5332. 
Till. 

B 10-40 cm brown to y«|]owiditan>wn(10YR5^^4) 
sandy silt with some stems or roots of shrubs. 
dU. 

[N£. this is a truncated profile, lacking an A horinn]. 

7. PtofUe exposed 70 m below crest of mondne; near toediiyfior 

sample NZ 5334. 

Till. 

A-C 10 cm dark greyish brown to brown (lOYR 4/2-4/3) 
sandy sih, mottled light brownish grey (lOYR 6/2), 
with some b"iwn organic patdws and thin (2 mm) 
iron Dan loo and tMttxmi. 
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Fig. 11 Diagram of collection positions at the Novara site (cf. Fig. 10). 



There are difficulties in comparing radiocarbon dates 
from samples processed by different laboratories. One source 
of between-laboratory variation is experimental error arising 
from standards, instrumental and operator differences. Both 
New Zealand and Hannover laboratories use A.D. 1950 as 
reference year, a 6"C value of -25%, a standard of N.B.S. 
oxalic acid, and the results are calculated using a half-life of 
5568 years for radiocarbon. Geyh cL al. ( 1 985) mentioned six 
cross-check datings to lest calibration accuracy between the 
Hannover and New Zealand laboratories. A mean difference 
of 90 ± 45 years was found for 5 samples, but one set of dates 
differed by 1000 years. The latter result was presumed by 



Geyh ct. al. to arise from the dating of different samples. 
Otherwise, discrepancies between results may occur simply 
because the materials dated contain different amounts of 
radiocarbon. 

For ROthlisberger and Gellatly's collections, the German 
laboratory did its determinations for the Mount Cook samples 
on either (1) humic acid from whole soil samples; (2) total 
organic substance from whole soil samples; or, rarely (3) 
wood, assumed to be contaminated by humic acid. The dated 
samples in the present study were almost all wood. Table 4 
compares pairs of samples from each laboratory which can be 
assumed, with confidence, to come from the same horizons. 



Ci 



Bmrows—^ dates. Mt Cook mocrines 



213 



imknoain mown o( imrain* 
Ml l« ooOopM and m a 



-NZ9Z94i933>Seyr B.P 
E83ai;a84*W|ra« 

HZ aaoo I weo < 60 ir aPH^^ 

NZ SSaC-,NBO>aSyr B.P- 




NZ 5333. 3360' IK3 »r BP-» — 



NZ 9334,3490>eO yr B 



F||.12 Cooipottto diagram of taiedaoib and fiMnMrnM^^ 
•urfuea at Aa aondiam and of the Novara aiia axpoaum. The 
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Fig. 13 Diagram of buried soil, with sedge leaves, dated 685 ± 57 
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of Hooker Olader, near Hotdcer HuL Burial wai by coUovimn 
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Table 3 Age ranges of sets of New Zealand radiocarbon dates 
from ataTamian Olader lateral mci«ainet(yeaifB.P.)» 



Western side of glacier 



Eenem aide of gladcr 



<2S0(NZ5S04,SS0Q 

780-588 (HZ 711) "' -i 

1405-850 (NZ 4509,^403. \ 
4404. 4405. 5505. 5507) J 
1900-1620 (NZ 4406. 4402)7 
2380-2180 (NZ 5335) 
3340-2970 (NZ 5501. 5502. 

5503. 5508) 



43S-2S3 9CZ5330) 
980-748 (NZ 5331) 

1790-1«0 (NZ 5332, 5500) 
3610-3290 (NZ 5334) 



Geyh eL aL (198S) listed the organic components for buried 
soils associated with moraines as tieing: wood and other 

fragmcnLs of plant material such as fine roots; humus; and 
"micro-residuals" (often mainly very resistant lichen 
fragments). Other biologically resistant organic substances 
accumulate in soils during bumification ^aul & McLaren 
1975; Matthews 1981). This the buried paleosols contain 
carbon of mixed age. which may extend over an age langB of 
liundreds. or thousands, of years. 

Radiocarbon dates on humic acids (extracted with NaOH) 
and total organic materials £rom soils were determined 
separately by theHannoverlaboratory. Tfieremay ormaynot 
be a close relationship between radiocarbon dates for humic 
acid and those on total oganic content firom any sample. 
Frofn some samples the total organic content gave stAstantially 
greater ages (1000 years or more) than did humic acid. This 
may merely be due to the longer residence time for the more 
resistant cubon, than for humic acid carbon, in the paleosol, 
but it may also reflea contamination by young hiunic acid 
leadied Ctom younger horizons. Wood remains and humic 
acid from several samples listed by Gcllatly eL al. (1985) and 
Geyh et. al. (1985) gave similar radiocarbon ages. It seems 
from other results, however, that, at times, humk; acids give 
less precise dates for the times of glacier expansion than does 
wood (Table4). A date for the total organic content minus the 
dale for humic acid from the same sample (or better still, 
minus the date of wood) may give an ai^ximate age for the 
time tfiat a sdl had existed until it was buried by a glacial 
expansion episode. Matthew's (1980, 1981) results showing 
age gradient stratification in buried paleosols in Norwegian 
moraines indicate that there are serious diffkmlties in 
interpreting the whole soil radiocarbon dates, however. 

Apparently out-of-sequence ages for some horizons at the 
Novara site (Table 4) may be the result of disturbance of the 
original stratigraphy. The New Zealand and Hannover dates 
for the lowermoA soQ « Ais site are consisient (NZ 5334. 
3450 ± 90 years B.P.; H.v. 12022. 3790 ± 70 years B.P.) but 
the pairs of dates on horizons 27 m higher are inconsistent 
(NZ 5333, 3360 ± 1 10 years BP.; H.v. 10496, 4605 ± 365 
years BP.; or Rv. 10498, 5690 ± 140 years BP.). A soU 
horizon alioat30mbigher(notdaied in the preaentsQidy)alao 



Table4 Cony»iion»ofnidiocarfaondalea from the aamehnrizona. 
obtained by dififacnt Ubocaioriea. (Daiaa aoooiding to old Vh, 
unootracted.) 



*Ranges of ages given ±2 standard deviations for dia oldaat and 

youngest radiocarbon date in each scL Dates on soils i 
... refers to the absence of a correlative deposit. 
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Fig. 14 Composite diagram 
showing age ranges of radiocarbon 
date((t2sundarddeviatio»)fin»i 
lateral moraims of glados at 
Mount Cook. 



1. NZ series: Burrows (1973, 

1980, this study. Burrows & 
Gcllatly (1982). H.v. (Hannover) 
series: Gcllatly (1982), GellaUy 
et. al. (1985), Gcyh ct. al. 
(1985). Rfitlilisbcrgcr (1987). 
Laboratory numbers and other 
details are given in the text 

2. Only dates on wood (NZ) or 
humic add (H.v.) an included. 

3. Dates, on whole soils (marked 

x) included. 
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gives a relatively old radiocarbon age (H.v. 10499, 4125 ± 
130 years B.P.) which (± 2 s.d.) is inconsistent with NZ 5333 
and NZ 5334, and barely consistent with H.v. 12022; but it is 
consistent with H.v. 10496, (which has a lar^e enor). Thus, 
the interpretation of these dates is difficult. In Gellatly et. al. 
(1985) the numbering in column 6 of their table 1 is confused, 
but what they appear to mean is that the intermediate three 
horizons, (at die same level as NZ 5333) ^.v. 10496, Rv. 
10497, H.v. 10498) possibly register two glacial expansion 
periods between about 52(X) and 4600 radiocarbon years ago. 
These authors also suggest that the highest (H.v. 10499) and 
lowest (H.V. 12022) soil horizons represent two exposures of 
thesamesoil. Therearenodatesforhumicacidorwoodfrom 
the highest soil; the dales for whole soil (4050 ± 80 years B .P. 
for the lowest, H.v. 10495, and 4 125 ± 130 years B.P. for the 
highest. Rv. 10499) are consistent with each other. Careful 
examination of the lowest soil, when the sample NZ 5334 was 
being collected, showed that the paieosurface slopes uphill at 
about 25* (i.e., it appears to be on a proximal palcomoraine 
surface). There is no field evidence to show Uxal the suifiBce 
is continuous upslope within the moraine to the position of 
Rv. 10499 (Gellaily's 1982inteipretation). Theintermediate 



dated horizons, representing one or more older paleosurfaces, 
must be distal to such a surface (not proximal, as shown by 
Gellatly (1982,p. 158).and inferred by GeUaUyetaL (1985). 
It is likely that these problematical dated horizons are not 
associated with in situ paleomoraine surfaces. The NZ 5333 
horizon is unusual in being a horizontal layer, indicating 
fluvialdqx>sition. Gellatly eLaL(1985)andF.R0thlisbe(ger's 
field notes (pers. comm.) also diow that Rv. 1(1497 andRv. 
10496 are "sedimented B horizons". It may be that erosional 
disturbance, or collapse of an old moraine crest at this 
locality, before the formation of the soil at NZ 5334, caused 
redeposition of fine material containing carbon which had 
originated either from a soil on an old moraine, or even from 
a soil on the nonglacial surfaces distal to the Tasman left 
lateral moraine. If so, the dates for H.v, 1 1457, H.v. 10497 
and Rv. 10496 cannot be related to glacial episodes with 
confidence. In view of the agreement of the ages for the 
lowest dated soils at Ball Bluff and Novara sites (this study) 
(NZ 550 1 , 3220 ± 60 years BP. and NZ 5334, 3450 ± 80year8 
BP., req;>ectively) it is assmned here that these soils occur on 
the otd^ unequivocally in situ surGaces so Car ffiscovered 
among the Tasman Glacier lateral moraines. 
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The correlations aad gbcfail sneceMkm dnrins the 

Aranuian 

The moraines of tfie Tasman Glacier have yielded the most 

comprehensive array of radiocarbon dates from any New 
Zealand locality for buried soils indicating episodes of glacier 
expansion and contraction in the last 3500 radiocarbon years 
(cf. Burrows & Gellatly 1982, fig. 15). The interpretation of 
some of the dates as indicating distinct episodes of glacier 
oscillation is not without its problems, as outlined above. 
Ceyh et al. (198S) used doubled standard deviations for 
comparisons of sets of radiocaiton dales, according to the 
recommendation of the International Study Group (1982) 
(and cf. Geyh 1980). More elaborate statistical u-eatment for 
comparingradiocarixMi dates forconelations is not warranted 
for the present array of dates, given the heterogeneity of dated 
material and the limited number of dates from any one site. 
Unless dates arc well separated (usually at least 100 years 
apart and of ten much more, according to the specific standard 
deviations), they cannot be used to indicate distinct glacial 
episodes. 

Considering only the samples on wood (this study), and 
those 00 humic acid in smls or wood (Gellatly et aL 1985; 

Geyh et. al. 1985), and excluding the dates for H.v. 10496, 
H.v. 10497, H.v. 10498, and H.v. 11457 from theNovarasite, 
most of the dates from the Tasman Glacier, from Hannover 
and New Zealand laboratories, are broadly comparable. 
However, the Hannover dates further ccMnplicate interpretation 
of the period from about 27 1 0 to 590 years B .P. Taking all the 
available dates into account, there is overlap among the dates 
(±2s.d.)thioug|K)utdiisperiod. TheevidencefromsupenxMed 
soils from Novara and Ball Hut sites shows that there were at 
least four and probably five distinct glacial expansion periods 
during this time. This emphasises the importance of using 
short-lived materials (like small branches or leaves) for 
dating if particular qiisodcs (such as glacier expansion periods) 
arc to be identified. Humic acid could be longer lived and 
composite in age over periods of hundreds of years. Only the 
dates on wood are accqxed here as indicatingages dose to the 
time when the soils, vegetation and monines wcte 
overwhelmed by glacier expansion. 

From the stratigraphic and vcgctational evidence alone, 
the period before 36 1 0-2970 radiocarbon years was a time of 
major recession of the Tasman Glacier. The times before 
2380-2180 radicKarbon years and 1405-850 radiocarbon 
years were also periods when the Tasman Glacier levels were 
low (compared with the A.D.188 to AJ>.1930 limits). The 
dates on whole soils and humic add do not contradict these 
conclusions. 

The Hannover radiocarbon dates for Mueller, Hooker, 

Dixon, and Wheeler Glaciers are not strictly comparable with 
the dates described above from the Tasman Glacier, as they 
were all determined on whole soils. However, one dated 
whole soil sample from the Mueller Gladcr from a position 
35 m beneath theixesent, truncated, left-lateral moraine crest 
(H.V. 10511. 6750 ± 135 years B.P.) (R5thlisbcrgcr 1987) 
seems to show that an expansion of the glacier buried a 
surface some time earlier than any of the dates firom the 
Tasman Valley. The actual diitc of burial may have been as 
much as a thousand years after 6750 years BP. 

Taking all of the radiocarbon dates on wood or humic acid 
at face value, glacial expansion events have occurred in the 
Mount Cook region c. 8000. c. 3690-3000, c. 2550-2280, 
c. 21 10-1620. c. 1255^900. c. 860. c. 680. c. SSO. c. 340 and 



<250 radiocarbon years ago (Tables 1 , 3). Theie was also an 
expansion period some time after 6750 years B.P. (probably 
in the 6th millennium B.P.). Gellatly (1982, 1985) has 
recognised five main periods of glacier activity in the Mount 
Cock region, based on the range oi modal weathering rind 
thicknesses on surface boulders, mainly from the terminal or 
latcro-terminal moraine complexes. They are: 8000, 
5000-4000, 3500-2200, 1800-840, <500-100 years B.P. 
Hius diere is good agreement between the radioaubon and 
rodc-weathering rind dironotogies fbr the region. 

Burrows (1980, 1982) claimed that theglacierconlraction 
which has been occurring from about A J:>. 1 9(X) to the present 
day in the Mount Cook region (and aoceterating since tboat 
A.D.1950) is the greatest and/or the most prolonged of any in 
the last 2000 years. It is now evident that this recent period 
of contraction of the Tasman Glacier is the most profound of 
any in the last 3500 years. Moraines whichaienowcolliQ)sing 
and/or eroding rapidly contain soil and organic material 
showing that the Tasman Glacier began to expand at least 
3500 radiocarbon years ago, after a relatively long period of 
recession. This expansion period built lamal mondnes 
(apparently the original framework of the composite lateral 
moraine complex of today) which had periodic accretions of 
till during subsequent glacier expansions up to the late 19lh 
cenUiryAJ>. These moraines remained intaa until recently 
because they continued to be supported by gtader ice. Thus, 
the ice levels probably never fell lower than about 70-80 m 
below the highest moraine crests in the last 35(X) years. Both 
Hooker and Mueller Glaciers are very much shrunken at 
present and some of their lateral moraines have undeqiooe 
collapse. Theirmorainesshow,h(nwever,tfuttheirbdiaviour 
has been somewhat different from that of the Tasman, in 
recent millennia (cf. Bunows 1973, 1980; Gellatly 1982). 
There is insufGdent evidence, in the form of radiocarbon 
dates, to reconstruct their history in as much detail 
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An early Holocene glacial advance in the Macaulay River valley, 
central Southern Alps, New Zealand 
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IANE.WHnEHOUSE 

Division of Land and Soil Sciences 

Dqartment of Scieniilic and Industrial Research, Ham 
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Abstract A 10 km long valley glacier terminaiing baween 
Lower Tindill and Tom Streams, in the Macaulay River 
valley, central Southern Alps, New Zealand, at 8690 ± 120 
years B.P. (NZ 6473A), is inferred from racUocarbon-dated 
deposits of till that were formerly thought to be of noitglacial 
ac^in.'Ilie^icisiadvanoeisoQeofdireedaiBdMriyAnnMiin 
(post- 14 000 years B.P.) advances in South Island. A group of 
undated moraines to the east of the Main Divide of the 
Southern Alps, collectively known as the Birch Hill moraines, 
may include moraines of similar age to the Macaulay River 
deposits, butrejnesenta substantial interval of time. Available 
radiocarbon dates suggest that previous correlation of Bireh 
Hill moraines with the c. 12 000 year old Waiho Loop 
moraine at Franz Josef Glacier is unlikely. Early Holocene 
gtofiwl it^wMitB of gj'O'ii^i' age to the Mar-Milay df-posits are 
fboad in arctic Canada, western United States, and in the 
European Alps, so the triggering minor climatic change may 
have been global in extent If the event formed moraines 
elsewhere, they remain undated, and may lie beneath piesent- 
day ice or hawe been destroyed by sidMequent neoglacial 
advances. 

Keywords ndiocartwn dating; early Holocene; Aranuian; 
New Zealand; Soutbero A4;m; monines 



In our use of the terms "date" and "age", we reject the 
suggested jargon of Colman a/. ( 1 987) and follow com mon 
English usage — ^"date" refers to when something occurred; 
and "age" refers to how <dd something is. Thus, a glacial 
advance is an event which may be "dated", it does not have an 
"age", and can not be "aged". A deposit left by this event has 
an "age", which relates directly to the "date" of the event 
which formed it It is "aged" like wine by the passage of time. 
The process of determining its "age" involves estimating dw 
"date" of its origin, and is correctly called "dating" 
notwithstanding that this term has other commcHi usages. 

The radiocartxm date NZ S48A of 8460± 120 years BP. 
(Grant-Taylor & Rafter 197 1 . p. 384). from a sample collected 
by A. C. Beck in 1963, is described as from "peat on fan debris 
and overlain by moraine" at asitc in the upper Macaulay River 
valley.centialSouthemAlps,New Zealand (Fig. 1). Burrows 
( 1 972), from an exnnination of the site in 1967, doubted that 
it records a glacial event, and suggested that the overlying 
bouldery deposit is from a landslide. Beck (1972) accqNed 
Burrow's suggestion without reservation. Since 1972, the 
date has not been considered in syntheses of the New Zealand 
glacial chrcmology. There has been no work on other glacial 
evidence in the valley. 

Not k)ng before our first visit in 1980, a large section of a 
terrace riser beside Macaulay River, from which Beck's 
sample was taken, was laid bare by stream-bank erosion. The 
detail of the section viewed by us supports Beck's original 
interpretation. Weinferagready expandedslaieof gladenin 
the Macaulay River valley, which led to the destruction of a 
shrub forest dated by NZ 548 A anda new, but notsignificantly 
different, confirming radiocarbon date (NZ 6473A) of 8690 
± 120 years BP. At this time, the Macaulay River valley 
supported a glaciersome lOfan long. About 14 SCO years ago, 
the glac icr linked with an expanded Godley Glacier to feed ice 
to the southern end of Lalce Tekapo, c. 60 lun firom the head 
of Macaulay River. Only smaUciiqaeglacien persist on the 
siDToanding peaks today. 



INTRODUCTION 

Direct radiocartx>n dates of glacial events are rare in New 
Zealand, and unequivocal early Holocene glacial advances 
arc rare globally and not hitherto shown conclusively for New 
Zealand (Grove 1979). Here we re-examine and reintcrpretan 
early Holocene deposit formerly accepted to be of nonglacial 
origin, and add a directly dated advance at about 8500 years 
B.P. to the New Zealand glacial chronology. The local, 
regional, and gk^ significances of the minor advance are 
also examined. 
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PHYSIOGRAPHY OF THE UPPER MACAULAY 
RIVER VALLEY 

Macaulay River drains a 300 km' alpine vall^ between the 
nordi-soodi-trending SibbaldandTwoThumbRangesandis 

a tributary of Godley River which drains to Lake Tekapo. The 
valley heads c. 8 km east of the Main Divide of the Southern 
Alps. The area of the basin above the dated depotte h 
c. 50 km*. Surrounding peaks rise to 2800 m at Mt Sibbald, 
with much of the drainage divide rising 1 50-300 m above the 
permanent snowline, at about 2 1 00 m, to support small dniDB 
glaciers around the rim of the valley head. AUboogb theie no 
longer is a valley glacier present, large snow avalandies 8^ 
sweep much of the upper vallqrflooriolltiOmeadi winter 
and early spring. 
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Fig. 1 Location of radiocarbon-dated till in Macaulay River valley, central Southern Alps, New Zealand. Aerial photograph 580/2 A ( 1 974) 
reproduced by permission of Department of Survey and Land Information. NZ 6473 is at lat. 43°34'40"S, long. 170°36'30"E. Circled 
numbers refer to: (1) Acheron River, (2) Birch Hill; (3) Black Birch Stream; (4) Canavan Knob; (5)Cropp River; (6) Griffiths Stream; 
(7) Mcins Knob; (8) Prospect Hill; and (9) Tasman Glacier. 



LOCATION OF THE MACAULAY RIVER SITE 

The published grid reference and site dcscriplion indicate that 
Beck's radiocarbon sample was taken from the west bank of 
Macaulay River, downstream of its junction with Toms 
Stream, and c. 700 m uprivcrof Lower Tindill Stream (Fig. 1). 
The likely site is very easily located in the field, and the only 
uncertainty is whether changes since 1963 have removed the 
true site and exposed a new site which superficially resembles 
the old. The sample was from a section exposed in the riparian 
terrace riser below an extensive hummocky surface with a 
relief of up to 10 m, from which boulders prouoidc up to 3 m. 
The deposits underlying this surface now have yielded another 
indepcndentradiocarbon sample (NZ 6473), whose age (8690 
± 120 years B.P.) supports the accuracy of NZ 548 at 8460 ± 
120 years B.P. 

THE CONTROVERSY OVER THE ORIGIN OF THE 
MACAULAY DEPOSITS 

Burrows (1972) believed the dated deposit to be landslide 
material unrelated to any glacial activity. Wc disagree with 
this interpretation and, as indicated below, believe the deposits 
to be ablation and basal till, or possibly flow till. About 
600 m upstream from the sample sites, and c. 50 m higher, are 
the large remnantsof several nested loops of terminal moraine, 
buried on the western edge by a currently active, but well 
vegetated, snow avalanche talus (Fig. 1 ). We agree completely 
with Burrows's (1972) interpretation of all of these features. 



The moraine shapes are distinctive, and where exposed in ihe 
river bank, their materials are mixtures of very large boulders, 
gravel, sand and silt, and small pockets of well-strati fied sill 
and sand, typical of the till associated with moraines adjacent 
to existing glaciers in the central Southern Alps. The snow 
avalanche talus is stfongly furrowed and positioned below a 
steep basin which can funnel avalanching snow to the apex of 
the cone. 

THE SECTION AND OUR INFERRED ORIGINS OF 
THE DEPOSITS 

The material underlying the extensive hummocky surface, 
which slopes down valley from the moraine loops and 
avalanche talus, is exposed in a 200 m long section along the 
west bank of Macaulay River. The section shows sandy silt 
manUcd, poorly sorted, rounded gravels, overlain by two very 
poorly sorted, angular, bouldery diamictons which are capped 
with a silty yellow-brown soil (Fig. 2). 

The basal deposit at the southern end of the section is 
poorly bedded, coarse, rounded gravel. At least two channels 
are cut into it in the ccnu-al part of the section. This gravel is 
thought to be a fragment of an old alluvial fan from Lower 
Tindill Stream. 

The basal gravel at the northern end of the section is less 
coarse, more rounded, and better bedded than that at the 
southern end, and it dips slightly southward, towards the 
gravel of the old alluvial fan (Fig. 2). It coarsens greatly 
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Fig. 2 Scclion exposed on western side of Macaulay Riverupstream 
of Lower Tindill Stream. S ite marked for NZ 548 closely corresponds 
to original site description made in 1963, but may not be the true site 
because an unknown amount of streambank erosion has subsequently 
ckned the face of the section. 

nonhwaid, over a few tens of metres, up-dip along the 
section, indicating very close proximity to its source. We 
infer itto be a deposit of Macaulay River very near (perhaps 
only tens of metres) to a glacier terminus which is not 
exfmscd. The contact between the old fan of Lower Tindill 
Stream and thisrivergcBvdisobacuiedbytalusatthebaseof 
the terrace riser. 

Grey silt, c. 200 mm thick and containing root fragments, 
overlies the basal river gravel at the northern end of the 
section. Southward, the basal tan graveb are capped by 
glcycd silt and sand in the channels and grey gravelly silt 
between the channels. These silt and sand layers arc probably 
part of a buried soil (or paleosol) developed in overbank 
deposits from flooding of Lower Tindill Stream or possibly 
Macaulay River. They appear to be typical of the fine deposits 
found at the distal extremities of many low gradient alluvial 
has in thermal today. No plant remains were found in these 
layers at the southern end of the section, but, in the infilled 
channel scclions.abundant small logs and branches arc present, 
locally forming a mat of peaty plant remains. It is most likely 
that Beck's peat sami^ came from within the southernmost 
of these channels (Fig. 2). 

A variety of deposits cap the paleosol. Most are associated 
with, and gradational to, a coarse diamicton with sharply 
anguiar boulders that blankets the whole section. This 
diamicton is c. 1-3 m thick, except over the dumnels, where 
it is up to 6 m thick. At the southern end of the scclion, it rests 
directly on the paleosol with a gradational contact over 
c. 0.5 m. Within and at the base of the diamicton over the 
channels, there are pods of contorted silt and clay containing 
peat, abraded logs, small branches, and many wood fragments. 

At the northern end of the sec lion, the diamicton is separated 
from the underlying paleosol by c. 4 m of a much finer and 
more weakly bedded diamicton containing a much higher 
proportion of rounded pebbles than the overlying material. At 
its base, this bedded deposit contains many pieces of small 
logs and twigs, much fragmented and abnlidod. which were 
sampled (NZ 6473) for radiocarbon dating. The proportion of 
wood decreases upward, and no wood is apparent in its upper 
1 m, nor in the unbedded diamicton above it. The wMkly 
bedded deposit is not laterally continuous along the section. 
At its southern end, it ceases abruptly after 30m of continuous 
exposure, as shown in Fig. 2. Its northern end is obscured. A 
very dilTercnt deposit containing many large (200-4(X) mm 



diam.), rounded boulders occurs c. 5 m further northwards. 
We believe that the weakly bedded diamicton is basal till, 
fixmi a glacier which advanced over a scrub-coveied river 
terrace. That this basal till is not continuous over the entire 
section is regarded as a quirk of nature: we ooold find no 
reason for its abrupt termination. 

The uUquilous overlying ooane diamktoa contains Kxne 
clues to its origin. It lacks abundant fine material, and it is 
clast supported. It gives the appearance of having been 
washed clean of silt and sand prior to deposition. Adjacent 
boulders withinitareof slightly different lithotagie«.«lroctuw8, 
and textures, and no boulders could be found where the 
internal structures of one could be traced laterally into adjacent 
boulders. Few of the boulders were fractured, but bruising of 
edges and comers was conunon. We have seen all of the 
features of this deposit in debris associated with mod^ 
glaciers in the region, and we infer the material to be ablation 
till. These features conu^ast suongly with those of rock- 
avalanche deposits of similar lithologies (Sbreve 1968; 
McSaveney 1978; Whiiehouse 1983) whk:h wehaveexammed 
widely throughout the Southern Alps. 

The whole section is capped with a thin, silty yellow- 
brown soil, inferred to be loess, which discontinuouslyUanlcets 
the entire hummocky area. Deep soil erosion on the hummocky 
surface above the outcrop has exposed the uppermost deposits 
beneath the soil in a number of hummocks. Over the northern 
half of the surface, at least as far south as Trig F ^ig. 1), the 
exposed deposits contain sparseroundedcobUesandboulders, 
including some with well-preserved suiae. Such materials are 
absent from the diamicton that blankets the exposed section 
but occur in the deposit inferred to be basal till. We surmise 
that the basal lill extends more widely and locally protrudes 
through the supposed ablation till as hummocks. We offer no 
explanation as to why the "basal till" should have such an 
irregular upper sutfiBoe, nor why the "ablation till" should be 
so oddly distributed between the hummocks. 

We were unable to eliminate a less likely possibility that 
the deposits could have originated from just two very large 
dd)ris flows occuring within a few centuries (tf each other. If 
this were so, however, the materials can have originated only 
from upvalley in the terminal moraine loops where they are 
breached, or on a steep glacier surface sloping upvalley from 
the innermost of them. If the lauer were the case, the deposits 
wouldfitthedefinitionof flow till (Hartshorn 1958). Whether 
the materials originated at the moraines, or on ihe glacier 
surface associated with them, we believe that such large flows 
would have required the glacier to have been abu^ng die 
moraines, in order to provide the hydrostatic conditiong to 
initiate flow. 

The deposits are not what we would expect to see formed 
in a catasinq;)hic draining of a monlDe-dammed lake, and 
there is no evidence of the former existence of such a lake. A 

steep and active snow-avalanche talus buries the moraine 
loops to the north, but if the deposits in the exposed section 
were formed fiom snow avalanching, we would expea to see 

more evidence of stratification in the section, caused by many 
avalanches each depositing a small amount of detritus. There 
is evidence of but two events in the coarser diamictons, and 
if these were snow avalanches, they contained so much debris 
that they wouMhavebeenbeUerdiBsifiedasddHisavalanches 
or rock avalanches. The deposits, however, are not those of 
such avalanches. The evidence supports Beck's simpler, 
original inference that the dated material underlies a till sheet 
associated with the fcvmer presence of glacial ice. 
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THE SIGNIFICANCE OF THE EARLY HOLOCENE 
GLACIAL DEPOSITS 

Local 

Hieradiocarbon-dated materials (NZ548A,8460± 120 years 
BJ>.;NZ6473A.8690± 120 yean BJ>.). from within till-like 

deposits at the Macaulay River sites, precisely date the events 
which formed the deposits from which the samples were 
taken, at least to within the few decades that it took for the 
dated twigs to grow. There is no statistically significant 
difference between the two dates, and we infer them to date 
the same episode of forest destruction. The deposits lie down- 
valley iiom a series of substantial terminal moraine loops. 
Iheyoveriie. and diereftxe postdate, astril formed on glacial 
ontwash gravel deposited very near to a glacier terminus. The 
aful suggests a substantial period of stability, of perhaps one 
or two thousand yean for the sites, before they were 
ovenirfielmed. Hie uppermost, sheet-like depoat o£ come 
bouldery diamicton slopes upvalley to a ^de breach in the 
terminal moraines. We infer that the uppermost deposit post- 
dates the moraines, even though it lies downvalley of them. 
We do not siqipose a substantbi! age difteence, however, as 
we found no evidence for one when investigating the deposits 
while calibrating a surface rock weathering-rind growth 
curve (Whitehousc ct al. 1986). 

The deposits and the ladiocaibon dates provide evidence 
of a ID km long glacier hi the Macaulay River valley, at 
c. 8500 years B. P., where no valley glacier exists today. From 
the evidence of the very substantial moraines and the soil 
devetopment on the glacial outwash beneath the destroyed 
shrub forest, we infer that this extensive glacier persisted at 
about this length for some considerable time — perhaps several 
thounndsof yeacs-^thiqieated minor fluctuations. Nearby 
modem analogues at the termini of Hooker, Mueller, and 
Tasman Glaciers, at Mt Cook, have deposits which span the 
last 4000 years all within a few hundred menes of extant ice 



(GeUatly 1984). This persistence may have been aided by 
frequent soow avalanches onto the former glacier tconk. and 
die extensive distribution of high cirques around the valley 

perimeter, which probably fed ice avalanches onto the valley 
glacier, long after the cirque glaciers had become discoanected 
from it. 



Regional 

The depoats of die cxptatded glacier in the Macaulay River 
valley are correlated by McGregor (1967) with die Birch Hm 
moraines, 1 8 km downvalley from the present Tasman Glacier 
terminus, which also have been correlated with the Waibo 
Loop moraine at Fnnz Josef Glacier, Wesfland CSaggBtK 
1961 ; Burrows 1980), now dated by many radiocarbon dates 
from a site at Canavan Knob as occuring at least within the 
range 1 1 450 ± 200 (NZ 4234 . Wardle 1 978) to 1 2 5 1 0 ± 1 20 
years BP. (Beta 12607. Mercer 1988) (Table 1). The only 
radiocaibon date from theBirchHill moraines isQL 59 (SS90 
+ 30 years B.P., Porter 1975) from basal peat overlying the 
moraine, which does notassistinresolvingcorrelatituis in the 
age range of 8000-12 500 years BP. the ndiocailxn dale 
(NZ 1651) of 11 950 ± 200 years BP. (Read 1976), from 
within extensive contorted lake sediments at the southern end 
of LakePukaki, is described by Burrows (1980) as enigmatic, 
but it is consistent with active glacier ice occupying the lake 
at that time. This would suggest that correlation of the Birch 
Hill moraines with iheWaiho Loop moraine is highly unl Lkely. 
McGregor's correlation of Birch Hill with the dated Macaulay 
dqiosits is supported by scnl and weathermg-rind studies. 
Burrows (1980) noted that the innermost Birch Hill moraines 
have similar soils to that developed on a deposit 13 km 
upvalley at Black Birch Stream, MtCo(4c. dated al 7940 ± 70 
years B.P. (NZ 4508, Burrows 1980), and he implicitly 
accepted that the Macaulay dqx>sits formed within some part 
(tftheqMn<tftimeiqm8eiitedbyiheBircbIfiUnxniae8,far 



Table 1 Radiocarbon dates from early Aranuian glacial deposits in South Island, New 2Iea1and (all dates 
are calculated using the old half-life). All samples were boiled in distilled water, but GX 9981, GX 10053, 
and Beta 12607 had further treatment of boiling in NaOH. Canavan Knob dates are means of three dates 
weighted according to reciprocal variance (wiih error limits given as weighted standard error of the mean). 

Type Date 



Lab. no. 


Locality 


of deposit 


(years B.P.) 


Reference 


GX 9981 
GX 10053 
Beta 12100 


Canavan Knob, 
WMtlmd 


Wood under till 


12 414 ±106 


Pooled from 
MeiGerClWS) 


NZ16S1 


LakePukaki, 

Canterbury 


Wood in con torted 

sand 


119S0±200 


Read (1976) 


NZ4234 
NZ 6923 
NZ6973 


Canavan Knob 
(Same site as other 
three dates above) 


Wood under till 


115S0±11S 


Pooled from 
Mencr(1988) 


NZ1290 


Acheron River, 
Canterbury 


Plant fragments 
in silt from 
proglacial lake 


116S0±200 


Burrows (1979) 


NZ6S76 


CroppKiver, 

Westland 


Wood at base 

of till 


102S0±1S0 


Basher (1986) 


NZ6473 


Macaulay River, 
Cnierfawy 


Wood in till 


8690 ±120 


This paper 


NZ 348 


Macaulay River, 
Canterbury 


Ptoat beneath till 


84<i0±l20 


Grant-Taylor & 
Rafter (1971) 
Burrows (1972) 


NZ1287 


MeiniKnoli^ 
RdniaRhw 


Wood in till 


43401105 


B11110WS& 
Rnsselia975) 
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which he allocated some 3500 years. In addition, Biikland 
(1982) noted that weathcring-rind thicknesses on Birch Hill 
moraines suggest an a^ of about 9000 years (± 20%), but 
noted that the precision of the method docs not preclude an 
1 1 500 year age. Other major valley systems in the eastern 
Southern Alps have as yet undated remnants of moraines in 
intcnncdiate positions between the moraines of the Late 
Glacial maximum, and mwaines of the Neoglacial advances. 
Collectively these intermediaiemoraincs have become knowr 
informally as the "Birch Hill" moraines, with the "type" site 
at Birch HiU. As at Birch Hill and Macaulay River, most of 
these moraines are multiphased, with significant weathering 
differences between their early and late phases (Burrows 
1975; Burrows & Russell 1975; Burrows etal. 1976; Chinn 
1981; BiriiJand 1982). We believe that one of the younger of 
these phases has been dated at Macaulay River. As yet. thoe 
is no locality where more than one may be dated. 

Wood at the base of till within what is inferred to be a 
poorly preserved terminal moraine at Cropp River, Westland. 
4 km from a small cirque glacier at the vjillcy head and many 
kilomcucs inside the limits of the Late Glacial maximum 
extent of ice from the Hokitika drainage basin, recently has 
been dated at 10 250 ± 150 years BP (NZ 6576. Basher 1986; 
Basher ft KfcSaveney in press). This provides evidence of an 
episode of glacier resurgence inlcmicdialc in age between the 
dated deposits at Macaulay River and at Waiho Loop. This 
couldcorrdate with earlierphases of m(Haine building forthe 
"Birch Hill" moraines, as this would be consistent with the 
likely range of ages represented by the deposits, but we await 
dates fipom east of the Divide to establish this as more than 
speculation. 

Bunows (1980) reported a further occurrence of dated 
wood in "till" (NZ 4508; 7940 ± 70 years B.P.) (from Black 
Birch Stream, mentioned above); however, more recent review 
wrak calls into question the glacial origin of this dqxMit (J. R 
Mercer pers. comm. 1986; Gellatly etal. 1988). We too have 
examined the site. Although the deposit con tains many striated 
and faceted boulders of undoubted glacial origin, we believe 
that it is too closely associated with the deposit of a rock 
avalanche from the slopes above which overrode and eroded 
glacial and glaciofluvial deposits and a shrub forest 
independently dated by us flMZ 7230. 7240 ± 90 years B.P. 
and NZ 7231 , 7660 ± 95 years B.P.). for this date to be used 
with confidence in a New Zealand glacial chronology. 
Although the differences in ages are marginally statistically 
different, there is greater difference in apparent age between 
NZ7230 and NZ7231.whicharesiratigraphically identifiable 
as dating ihesameun't. than there isbetweenNZ7231andNZ 
4508, which wecouldnocidentifypogilivelyasdatingdifferent 
units. 

To the north, in the major drainage basin of Rakaia River, 
Burrows (1979) reported dated organic material (NZ 1290. 
1 1 650 ± 200 years B.P.) from ltdce silts in a former proglacial 
lake in the Acheron River valley that is believed to have been 
associated with Rakaia ice (Soons 1983). A bog-bottom date 
of 11 900 ± 200 years B.P. (NZ 1652, Burrows ft Russell 
1975) from Prospect Hill, 43 km further upstream in the 
Rakaia River valley, indicates that Rakaia ice had receded 
from ihatsiteby this time. The two are not incompatible if the 
lake were long, and the Prospect Hill site near to, but above, 
the glacier surface. In the headwaters of Wilbcrforce River, a 
major northern tributar)' of Rakaia River, a rtKk avalanche 
fell on an ice-free alpine valley bottom (Griffiths Stream) 
near to the Main Divide at 102S0± ISO yean BP. (NZ 5010, 



Whitehouse & Griffiths 1983); and at Meins Knob, within a 
kilometre of the early 20th century terminus of Lyell Glacier, 
ice had gone from a site 240 m votically above this baie 

valley glacier at the head of Rakaia River by 9480± 130 yean 
B.P. (NZ 4484, Burrows 1979). 

Although there is a range of intermediate age dates from 
bog-bottom deposits lying on glacial deposiu in the Southern 
Alps, the next oldest glackl deposit directly dated by wood in 
till is 4540 ± 105 years B.P. (NZ 1287, Burrows & Russell 
1975) at Meins Knob within a kilomette of the early 20lh 
century valley glacier terminus, and ataboutthe same altitude. 
This is not to say that there is a paucity of terminal moraines 
in South Island intermediate in age between the last Late 
Glacial ma.ximum andtheNeoglacial— itistbendiocacbon 
dating that is rare. 

Global 

Despite Grove's (1979) global synthesis, there is current 
international controversy about the climate of the early 
Holocene. Osbom ft Davis (1987) remaiked on the few data 

on early Holocene glacier fluctuations, and the apparent 
absence of a consistent global pattern for the Holocene prior 
to theNeoglacia].They noted nothing earlier than 6000-5000 
years age in North America, except perhaps about 8500-8000 
years age presently being debated in the literature. Beget 
(1983), on the other hand, cited an advance in the North 
Cascades (White Chuck Drift) and numerous dates from 
Baffin Island and around the Laurentide Ice Sheet from this 
time. In their summary of the early Holocene history of this 
ice sheet. Dyke & Prest (1987) remarked that end moraines 
formed by Keewatin ice c. 860O-M00 yean age sigiUfy a 
response of the ice sheet to climatic forcing. ROthlisbergff 
( 1 976) and Schneebeli ( 1 976) reported a directly dated advance 
in the Swiss Alpsat8400± 120 years B.P. (Ly-749), confuming 
the indirectly dated Venediger advances of Patzelt (1974), 
andHeuberger (1974). Mahaney's (1987) rcinterpreiaikm of 
moraines at Mt Kenya leaves no early or mid-Holocene 
moraines in Africa. In southern South America, in similar 
latitudes 10 South Island. Mener (1988) fiDundatottlalMenoe 
of end moraines known to date from the interval 14 000-5000 
years age, although there are a number of dates of basal peats 
that are permissible (10 000 ± 140 years B.P. , 1-2209, Mercer 
(1968); 10 105± 325 yearaBP.. GX 8683; and 10 375± 380 
years BP.. OX 8684. Mercer (1984). In Peru, at 14*S.. the 
50 km* Quelccaya Ice Cap was within 2 km of its present 
margins by 12 230 ± 180 years BP. (DlC 687), and, after 
a small readvance about 1 1 000 years ago (overridden 
peats dated at 1 1 1 85 ± 1 85 , GX 4325; 1 1 070 ± 125. DIC 685; 
and 10 910 ± 160 years B.P., 1-8209), had shrunk behind its 
present margins by 9980 ±255 years B.P. (DIC 685), and still 
was smaller than lodayat 2670±9S (DIC680)and 1395± 190 
(GX 4930) yean BP. (Mercer 1985). 

Whatever the fluctuations of glaciers were beyond New 
Zealand during the early Holocene, many appear to have 
taken place largely inside the limits of present-day and 
Neoglacial ice. Many of the Neoglacial advances elsewhere, 
including those of recent centuries, appear to have been 
proportionately much greater than those in South Island, New 
Zealand, to the extern that their deposits and the still-presoit 
ice may mask much of the glacial record of the earlier 
postglacial interval. This docs not preclude a conclusion that 
there was a minor global fluctuation of climate favorable to 
glacier growth about 85(X) years aga 
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CONCLUSION 

Directly dated advances of glaciers at Franz Josef Glacier 
about 12000 years BP., in the Cropp River valley about 
10 250 years B.P., and in the Macaulay River valley about 
8500 years B.P., represent a sequence of significant, but 
probably quite minor, glacial advances in South Island, New 
Zealand, punctuating an otherwise extremely rapid 
dcglaciation between the last full-glacial readvance about 
1 4 500- 1 4 000 years ago and the onset of neoglaciation about 
5000-4500 years ago. There are not many correlative advances 
beyond New Zealand, but evidence of others possibly is 
obscured beneath inesNit-day ice. 
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Differentiation of late Pleistocene terrace outwash deposits using 
geomorphic criteria: Tekapo valley, South Island, New Zealand 
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Abstract This paper reassesses the geological interpretation 
of outwash deposits of different ages based on new data on 
terrace elc\ation and gradient, loess thickness, preserved 
paleochannel nawoiks. fuid specific gravis of dasis of 
outwaA deposits in the Telcafn valley. Sooth Island. The 
results have shown no significant difference in these measures 
between the Wolds and Pattersons Terrace deposit, suggesting 
that they both represent the oldest, highest, steepest, most 
weathered, and most modified formation in the Telcapo valley. 
Significant differences have emerged between the Wolds/ 
Pattersons Terrace Formation and the lower Balmoral 
Formation, which exhibits a thinner loess cover, higher 
specific gravity values, and a distinctive dendritic drainage 
network. The Balmoral Formation is significantly 
differentiated from the Mt John Formation, which has little 
loess cover and is traversed by complex braided paleochannel 
netwoiks. ThemeasuresadopteddonotdiscriminaiBbetween 
the Mt John and Tekapo Formations, although loess cover is 
thinner on the latter. The combined use of these measures of 
landf orm , paleochannel pattern, and clast characteristics, has 
piovedavaluabk(ri>jective means of discriminating between 
gladofluvial tenace outwash dqxisits. 

Keywords glaciofluvial sedimentation; outwash; terraces; 
loess; paloochannels; specific gravity, late Pleistocene; 
Nbdcenzic Basin 



INTRODUCTION 

The development of methods for the differentiation of 
Pleistocene tills, moraines, outwash, and alluvial fan deposits 
has proved a vital research area in the elucidation of glacial 
chronology in New Zealand. However, until recently, many 
01 these studies have been based on relatively subjective or 
qualitative criteria, such as degrees of landsoqie dissectitm 
and drainagcdevclopmcnt.frcshnessof the landscape features, 
matrix colour and relative degrees of weathering. This study 
attempts to differentiate a series of outwash tenace dqmsits 
intbeTela90vaUey,SoutheinAlp>.usinganngeofol;dective 
quantiiatfve criteria applied to both landfoim and dast 
characteristics. Thesecriteriainclodemeasuiementsoftenace 
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elevation and gradient, degree of incision, drainage netwcnk 
development, thickness of loess cover, and specific gravity of 
clasts. A recent study by G. McGregor (1981) has proposed 
specific quantitative measures for the differentiation of 
Pleistocene tills in the Tekapo valley, based particularly on 
specific gravity and percentageabsorpiion of clasts in moraines 
related todiffcrcntglaciations. This sttidy attempts tocomple- 
mcnt and extend McGregor's approach by usiitg quantitative 
measures relevant to glaci<^uvial outwash bndforms and 
deposits, to differentiate them according to their relative age, 
and to use this new information as the basis for mapping the 
disu^ibution of the different gedogical fonnatioas in the 
Tekapo valley. 

THE TEKAPO VALLEY 

The Godley and Macaulay Rivm drain southwards finom the 

Godlcy Glacier and adjacent icefield and mountain slopes of 
the Southern Alps, into the long ribbon-shaped Lake Tekapo 
(Fig. 1). Lake Tekapo lies in a scoured bedrock depression 
c. 130 m deep, impounded behind large terminal moraine 
complexes. The Tekapo River valley south of Lake Tekapo 
comprises a series of extensive and distinctive outwash 
lenaces. stretching for over 15 km southwards from well- 
defined moraine limits. The terraces form a stepped sequence 
over a height range of almost 1 00 m, arc traversed by complex 
paleochannel netwoiks (Fig. 2 and 3), and the older sur&ces 
are mantled by Aide loess covers, often exceeding 1 m in 
thickness (e.g., Gair 1967; Webb 1976). The geology of the 
Tekapo basin is dominated by Tertiary quartz-felspathic 
greywackes, together with slates and schists. The Tekapo 
valley forms the northeastern part of the intermoniane 
Miadcoizie Basin, a large, faulted tectonic depression, infilled 
with hundreds of metres of Pleistocene glacial and glaciofluvial 
sediments (R. Speight 1940). The Southern Alpsandadjacent 
basinshavebeen subject tosiibstantial tectonic tq)lift associated 
with the Kaikoura orogeny, and uplift is continuing today. 

Former outwash surfaces have been differentially tilted 
away from the centre of uplift, such that the gradients of the 
oldest surfaces have been substantially modified from their 
original dcpositional gradients. 

PLEISTOCENE CHRONOLOGY AND PREVIOUS 
STUDIES OF TEKAPO OUTWASH TERRACES 

The Pleistocene history and glacial chronology of the 
Madcenzie Basin has attracted much attention in die literature 

since the early reports byR. Speight (1915, 1921, 1940). 
J. G. Speight (1961), working in the neighbouring Pukaki 
Rivw valley, differentiated four landfcxm associations, each 
rq»esenting a successivdy youoger gjaciatkm. The 
differentiation of each landf6rm associatkm was based on a 
range of geomorphic criteria including the freshness of the 
landforms and the amount of topographic detail, the amount 
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of soil and silt cover, and the degree of weathering. Speight 
identified die Stevenson (oldest). Irishman, MaryiNim, mA 

Pukaki (youngest) landform associations (Table 1; Fig. 4 A). 
This classification was confirmed by Gair (1967) for the 
Mackenzie Basin (Fig. 4B), which he defined as the type area 
for the equivalent Wolds (oldest), Balmoral, Mt John, and 
Tekapo (youngest) Formations of the Pleistocene, followed 
by deposits of the Birch Hill advance and later Holocene 
glacier fluctuations. Gair(1967)differentiatedthesedeposits 
accordii^iothdrmoiphological fleldielatloMhi|M,diedegree 
of crosional modification of moraines, and the degree of 
weathering of the outwash gravels. The area in the west 
which Gair identified as the Wolds Fnmalion forms a zone of 
subdued and well-weathered topography extending 
southwards from morainic into outwj^ sedimentt. A latgi 
oallier of gravels xf^ddi lies to (he east and rises aibove ^ 



surrounding terrace surfaces, known as Pattersoos Terrace 
(see F^. 5), Oair also mqjped as die Wolds Fonniion. 

Gair ( 1 967) clearly delimited the Babnoral moniiieoate 
southern side of the Fork Stream, and showed its a o u l h w ari 
extension into a clearly defined outwash terrace. West of die 
Trlnpn Tii rrrinir irirmifirfl ihr Mr Tnhn trrminnl iiMwnif 
merging with small oiMlieR of Mt Jofrn ootwadi, smiou nde d 
by the later Tekapo outwash deposits. Farther south, the vast 
extent of outwash gravel terraces is also interiHeted as betqg 
crfTdcqw age, SDChdiat BO Mt Join ootwaah deposits ocov 
west of the Tekapo River. East of the river, Tekapo outwasi 
deposits arc confined to the present incised channel of the 
river. Hence Tekapo ice and meitwaters spilled over to the 
west, over the Mt John mocaine and (Mitwash, and cut through 
the nuun Mt Jdha moraine to fonn die prescu lake outki 
These meltwateis are considered to have left all ihft Mt Ma 
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! Fig. 2 Aerial view of Balmoral 

oulwash surface illustrating 
dendritic drainage system super- 
posed on remnants of braided 
paleochanncl system partially 
masked by loess cover. Tekapo 
River at top (east) of photo, and 
Tekapo-Pukaki Canal alright hand 
edge of photo. 



Fig. 3 Aerial view of the Ml John 
and Tekapo outwash terraces (fore- 
ground), with distinctive braided 
paleochanncl systems (looking 
southwards). 



outwash east of the outlet unmodified. Gait's interpretation 
was modified by Tuck (1975) who recognised several 
substagcs of the Balmoral, Mt John, and Tekapo Formations 
(Table l;Fig4C). Tuck's results suggest that virtually all the 
gravel plains postdating the Wolds represent Tekapo outwash, 
with iheexccption of small oullicrsat the foot of the outermost 
Mt John moraines. Liedlke's (1980) analysis of the Tekapo 
deposits generally confirm Gair's (1967) interpretation of the 
Wolds and Balmoral Formations, and of Pattersons Terrace 
(Table 1; Fig 4D). Licdtke also suggested that it is difficult 
to differentiate between Mt John and Tekapo outwash deposits 
since Tekapo ice and meltwatcrs reworked the Mt John 
moraine and oulwash deposits. His interpretation therefore 
suggests that the Mt John and Tekapo outwash sequences are 
relatively continuous, with the highest areas representing Mt 



John deposits, and the lower terraces and spillway channels 
feeding these areas, representing features of the Tekapo 
stage. Manscrgh (pers. comm. 1983) also confirms the 
interpretations of Gair ( 1 967) and Liedtke ( 1 980) , and although 
Manscrgh & Read (pcrs. comm. 1983) did not separate the Mt 
John and Tekapo moraine and oulwash deposits on their draft 
map (Fig. 4E), they did identify substages of the Mt John and 
Tekapo glacier advances. 

Manscrgh argues, however, that much of the Mt John 
Formation has been reworked by Tekapo meltwaters, making 
differentiation difficult (Table 1 ; Fig 4E). Mansergh & Read 
(pcrs. comm.) also regard Pattersons Terrace as representing 
an early Waimean moraine stage of the Balmoral Formation, 
rather than a member of the Wolds Formation. This 
interpretation is based on measures of the specific gravity 
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(or solid density) values of ciasis (p^ = 2.670), which were 
found to be intermediate between those of the main Balmoral 
(p,=2.682) and the Wolds (p^=2.640) Formations. 

Few dales arc available for providing an absolute 
framework for the glacial chronology ol ihc Tekapo valley. 
J. G. Speight (1961) estimated dates of different surfaces 
firom tectonic movements along the Ostler Fanit (PUkaki 
valley) assuming a constant rate of uplift. Speight's approach 
estimated ages of c. 105 000, 51 000, and 22 300 years B.P. 
for the Wolds, Balmoral, and Mt John Formations, 
leqwctively. Gair (1967) correlated tlie four foonatioos in 
the Mackenzie Basin with those recorded elsewhere in Soudi 
Island.and considered that they were all Oiiran in age (i.e. K 1 , 
K2, K3. and K3, of Gage & Suggatc (1958) and Suggate & 
Moar (1970; Table 1), although with the possibility that the 
Wolds Formation might be older than Otiran. Manscrgh 
(pcrs. comm.) obtained a '''C dale for plant matter {Phyllachne 
cf. colensoiandDracophyllum) within or beneath tfaeBalmoal 
lateral moraine of 36 400 ± 3150 years BP. 

Compariscm of terrace gradient data for tilted and nontilted 
surfaces in ihe Ohau River area suggested ages of c. 16 000 
years B.P. for the Mt John surface, and of c. 14 000 years B.P. 
for the Tekapo surfaces (Mansergh 1973). Wellman (1979) 
obtained slightly older ages than these by extrapolation of 
lilted shorelines around Lake Tekapo to ihe Mt John and 
Tekapo outwash surfaces. His dates suggested thai ihe Ml 
John and Tekapo surfaces were formed c. 18 000 and 15 OOO 
years age. req)ectively CTaUe 1). Recession of Ihe Tekapo 



glacier from the mcx-aine bounding the southern end of Lake 
Tekapo, created the first stages of Lake T^capo(proio-lake 

Tekapo). A "■'C dale of 1 1 950 ± 200 years B.P. was obtained 
for a log found in varvcd lake sediments from a similar selling 
in nearby Lake Pukaki, representing an early stage of lake 
formation porter 1975). A minimum date fior the later 
Birch Hill readvance of c. 8400 years B P. was obtained from 
peal buried beneath a possible moraine (Tuck 1 975), although 
the nature of die dated material has been questioned (Mansergh 
pers. comm.), and the overlying sediment has also been 
interpreted as a landslide deposit (Burrows 1972). According 
to Porter (1975), correlations widi dated advances in the 
Rakaia valley suggest that the Birch Hill advance OC CUu e d 
between 1 1 900 and 9520 years BP. 

TheiAnof diispaperisto redooe Mme<tfdienioal^nties 
associated with the dating classirication, and mapping of the 
outwash deposits in the Tekapo valley, using the series of 
geomoq)hic criteria discussed bdow. 



METHODS OF ANALYSIS: DERIVATKm 
GEOMORPHIC CRITERIA 

Morphological relations 

The major morjihoiogical units and the morphological relations 
between successive terrace surfaces were determined by field 
mapping and m appi ng from aerial photogn^jhs. together with 
detidledkvelling of a tniversefiram Irishman Oredceast^^ 



Table 1 Summary of late Plcistoccne-early Holocene glacial chronology for the Tekapo area. 



Neoglacial 
(HblooeM 
advance) 



OUiaa 
llactaikn 



Interglacial 

Waimcan 

glacialion 

IlULTgla^Lll 

Waiinaungan 
glacialion 

Nature of 
evidence 



Gage & Suggate 
(19S8)(Waiinalcariri 
valley/Westland) 



Speiglit 
(1961, 1963) 



Poullcr 
Kumar«-3 



Black water 
Kumara-Z 



Knaiam-I 



Hohciia 



Stratigraphy; 
lecionics. 



Pvkald> 
Tekapo 



Marybum = 
Mt John 
(22 300 ±3SO 
iBJP.) 



Bafanoial 
(SIQOO 
yean B.P.) 

Stevenson = 
Wolds (105 000 
yean B.P.) 



Weathering; 
relief; morph- 
ological 

relaliont; rale of 
fault mawemenL 



McGregor 
(1963) 



Gair 

(1967) 



Sitibalds 1. 
(13 000-9000 
yean B.P.) 

K3 

(IS 000-13 000 
I B.P.) 



(ilacial gco- 
morpiiology; 
ice -contact 
deposits; 
glacial trim- 
line altitude. 



Birch Hill 
(>S120±140 
yean B.P.) 

TdtMpo 



Mt John 



BdflMMd 



Woida 



Suggate 
& Moar 
(1970) 



Relative 
altitude; 
dissection; 
weathering; 
loeu cover. 



K3 

(U50O- 
1 4 (X)0 
years B P.) 

(irooo- 

16 000 
I B.P.) 



K2 

(22300- 

18000 

yeanB.P.) 



(?) 
Kl 



MoarA 

Maafef|h Suggate 
0973) (1973) 



Tekapo 
(14 000 
iB.P.) 



Ml John n 
I 

(16 000 
iB.P.) 



BdHwialD 
I 

<36400± 
31S0ywnBJ.) 



m 

Wolds 



Kuman 
K3, 



K3. 



Younger 
Kumara 
K2. 



Older 



"C dating 

cf. of gradients; 

morphological 

relations. 
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to the Tekapo River, crossing outwash surfaces of the four 
main formations (Fig. 5). The relations between the moraines 
and the main terrace surfaces, and the changes in elevation 
and gradient through the ienace sequence, were detennined 
by detailed levelling of a series of longitudinal profiles, based 
on 700 heights over a total distance exceeding 80 km. The 
effect of differential uplift and tilting on the original 
depositional outwash gradients has been determined using 
three published rates of uplift for parts of the Mackenzie 
Basin. Wellman (1979) published a shoreline diagram for 
Lake Tekapo, in which eight shorelines dating from c. 11 500 
years B J>.. exhibit differential tilting. This diagram allows 
the calculation of the degree of tilt at different distances 
southwards in relation to the ageof the deposit. It is based on 
the assumption of constant rate of uplift such that shoreline 
age is directly proportional to shoreline slope. Extrapolation 
to the downstream outwash surfaces has allowed the degree 
of differential tilting of individual outwash surfaces to be 
estimated, thereby indicating the degree to which the original 
gradienishavcbccnaltercd. Therelatiooshipbetweendisiance, 
tilt, and age of the deposit follows a form similar to that 
proposed by Adams (1979) for the amount of uplift with 
increasing distance east of the Alpine Fault, except that since 
the Wellman curve is much steeper, it genendly predicts 
greater differential tilt rates than Adams's model. 

The discrepancies between the estimates rcOcc t Wellman 's 
assumption of a more north-south axis of uplift compared 
with Adams's model which assumes a mofe west-east axis. 
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Some differential uplift is also likely to have resulted finom 
isostatic uplift, after melting of the Late Glacial ice. 

Mathews (1967) estimated the likely amount of isostatic 
rebound in the Tasman and Godl^ valleys from calculaticns 
of former glacier long-profiles and associated ice diidmesses 
at successive stages of the last glaciation, but regarded the 
amount of differential uplift due to isostasy as negligible. 

Loess thickness 

Loess thickness has been shown in many studies in southern 
South Island to increase with relative age of the deposit (e.g., 
V. McGregor 1963; Raeside 1964; Young 1964. 1967; Bruce 
1973a, b; Ives 1973; Tonkin et al. 1974; Webb 1976). The 
loess is likely to be derived from unvcgctatcd areas that had 
been recently exposed by deglaciation or exposed on bars and 
islands within braided reaches of the rivers (Ives 1973; 
Leamy et al. 1973; Tonkin ct al. 1974). Maximum loess 
accumulation probably occurred during periods of glacial 
retreat or climatic deterioration (i.e., towards the beginning 
and end of interglacial periods and during interstadials; e.g.t 
Ives 1973), whilemorestableperiodsof soil devek^entaie 
likely to have prevailed during full interglacials (e.g., McKellar 
1960; Raeside 1964; Bruce 1973a, b; Tonkin el al. 1974). 

The dqjth of loess cover was determined on the main 
terrace surfaces in the Tekapo valley by probing at over 100 
sites along transect 1 (Fig. 5). These data were supplemented 
by data from a series of boreholes drilled by the Ministry of 
Works and DeveUqxnent priw to construction of the 
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+ 

Ml John 
(>11 950± 
2(X) years B.P.) 



Birch UiU 



Tdupom-t- 

n 
I 

Mt Join in 

n 
I 



Tckapo 
+ 

Ml John 
(LoeuA) 
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Elevation; 
loess cover, 
weathering. 



Loess thick- 
ness and 
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Wolds 



Rale of lake Weathering; Weathering; 
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Tckapo-Pukaki Canal, and by ditta fiom several pits and 
dozer cuts. 

DiiTerential preservadmi and ^yetopmcnt of surface 

drainage network 

The ontwash sediments of each formation were probably 

deposited in complex braided channel systems such as those 
now characterising many of the glacial meltwater rivers 
draining the eastern Soudiem Alps, including the Tekapo, 
Pukaki, and Tasman Rivers. The extent to which the original 
braided pattern has been preserved on the terrace surfaces, 
and thedcgree of developmcntofsubscquent channel systems, 
is likely to reflect the relative age of the deposit. Once 
abandoned by meltwaters, die original braided pattern would 
become obscured by a thickening loess and soil mantle, and 
later surface drainage derived from direct precipitation and 
snowmelt runoff would develop an independent or modified 
drainage network. The paleochannel networks on successive 
outwash surfaces in the Tekapo valley were mapped from 
aerial photographs (areas selected shown in Fig. 5), and 
measures of the drainage networks preserved and developed 
on these successive terrace surfaces were obtained. These 
measures identified changes in: (1) channel density, CD, 
defined as CD = "LiUA) where L = total channel length and 
A = sample area of terrace surface; (2) channel frequency, CF, 
defined asCF^N /I^whereiV « no. of channels crossed by 
a transverse profile across the terrace surface, and Lj. is the 
length of the traverse; (3) mean channel width, W, along the 
same traverse; and (4) mean surface relief, i?, from bar top to 
channel bed along the traverse. Topologic indices of the 
degree of braiding were derived from the numbers of links (0, 
junctions (/), bifurcation nodes (b), and sources (s), in each 
nawofkovcr a given sample area (e.g., see Maizels 1979). 

Progressive burial of the original braided channel nawork 
by loess, and evolution of indqiendent nonbraided systems, 
would be expected to result in a decrease in CD, CF, and the 
lopologic measures, and an increase in and R. 

Specific gravity of outwash clasts 

Several workers have demonstrated that the solid density of 
particles of a given lithology decreases systematically with 

prolonged weathering, such that clasts in the oldest sediments 
exhibit the lowest specific gravity values (e.g., McGregor 
1981; Mansergh & Read, pers. comm.). This approach was 
also applied to the Tekapo valley outwash gravels. Over 70 
clast samptos of the dominant lithology, a fine-grained 
grcywackc, were selected from freshly exposed surfaces 
within each formation, for specific gravity determination. 
Specific gravity was measured as die ratio of the weight of 
clasts. in air to the weight of the same volume of water, and 
determinations were carried out using standard procedures 
(cf. Goudie 1981. p. 94; MbGiegor 1981). 

DIFFERENTIATION OF SUCCESSIVE OUTWASH 

DEPOSITS 

Morphological relations 

Mailing of moraines and levelling of long profiles (Fig. 6) 
dearly indicate the upvalley migration Iqr np to 4 km of 

successive ice limits, from the Wolds to the Mt John/Tekapo 
glaciations, and the significant decrease in height between the 
terrace surfaces oi each fomnation. Maximum height 
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differences are found between the Wolds and Balmoral 
Formations (< 37 m), and between the Balmoral and Mt John 
Formations (< 39 m), whereas a height difference of iq> to 
only c. 9 m exists between the Mt John and Tdopo 

terraces. 

These height differences rqnesent minimum distances of 
incision, because initial incisitMi would have been s u cceeded 
by a period of aggradation. The height differences between 

terrace surfaces decrease systematically downstream, as the 
mean gradient of each successive terrace in turn decreases 
(Hg.7A),anddieIongitndinal profiles conveigedownstream 
(Fig. 6 and 7B). The mean gradients of the outwash surfaces 
range from as much as c. 20 m/km on the Wolds outwash to 
c. 1 7.5 m/km on the Balmoral, and from 9.3-1 1.3 m/km on the 
Mt John terraces to only 7.5 m/km on the lowest Tekapo 
terrace fragments (Table 2; Fig. 7B). The gradient of die 
present Tekapo River over the whole study reach averages 
about 7 m/km. The gradients of the incised flood channels are 
steeper than thoseof the adjacent terrace surfaces, particulariy 
in former proximal zones (Table 1; Maizels 1986). The 
outwash terrace gradients are similar in magnitude to those 
reported by Mansergh (1973) for the Ohau terraces of 12.5- 
23 m/km, and by Speight (1963) bx Uie Pukaki tenaces 
ofc.9m/lcm. 

Comparison of the surveyed gradients and the gradients 
adjusted for differential tectonic uplift (Table 2) indicates that 
the older surfaces have been differentially tilted by between 
c. 9 and 15%, respectively, and the younger surfaces by 
between c. 4 and 9%, respectively, and with maximum total 
uplift amounts occurring in proximal zones. By comparison, 
Mathews (1967) found that the total amount of uplift due to 
isostadc rebound since the Tekapo advance could have been 
as much as 33 m, and has added to the iq>lift caused by 
tcctonism. 

Thickness of loess cover 

Maximum thickness of loess cover was found on the outlio- 
of Pattersons Terrace (av. c. 1.2 m; Ministry of Works bore- 
hole data; Fig. 8), while significantly thinner loess covers 
were found boUi the Wolds and Bahnoral surfaces (av. 
c. 0.9 and 0.8 m, respectively; Fig. 7C. 8 and TaUe 3). The 
Mt John and Tekapo surfaces also exhibited significantly less 
loess cover than the earlier surfaces (c. 0.5 and c. 0.4 m, 
respectively), but no significant differences were found within 
the sequence of Mt John and Tekapo terraces (Table 3). The 
measured thicknesses are somewhat greater than the 2 cm 
thickness recorded by Tuck (1975) on the Tekapo deposits, 
and Uie 0.S m Uiickness observed by Liedtke (1980) on the 
Wolds surface. However, dtey match more closdy Webb's 
( 1 976) values of over 0.70-0.95 m on the Wolds and Balmoral 
surfaces and overlying a paleosol. Some of the discrepancy 
between values recorded by different wcnkers may reflect the 
significant variations in loess thickness that can occur on a 
single outwash surface (e.g.. Tonkin et al. 1974). On the 
Balmoral surface, loess thicknesses were found to be 
significandy greater over Uie bar lops of Uie former faoid 
channels dian along the channel courses, including die more 
deeply entrenched flood channels (sec Maizels 1987). Most 
of the old channels are marked by deflation hollows and linear 
scours in which the underiying pd>ble lag is exposed (e.g., 
Gibbs et al. 1945; Lcamy et al. 1973; Webb 1976). By 
contrast, the variations in loess thickness on the younger Mt 
John andTekqpo surfaces are such that maximum tiiictaiesses 
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^ Fig. 5 (oppojte) Morphological map of ihc Tekapo valley based 

on interpretation of aerial photographs, and location of survey lines 
and outwaih giavd sampUng ntet. 



arc concentrated along the paleochannel courses 
(sec also McKclIar 1960). Loess thicknesses in 
many of these younger channels exceed those of the 
Balmoral outwasb channels (see Fig. 7C and 8). 

Natnre of flie preserved chamd pattern 

Major contrasts occur in the characteristics of the 
preserved paleochannel patterns on successive 
terrace surfaces (Fig. 7D.E and 9). The drainage 
network on the Wolds surface is fairly indistinctbot 
in some areas appears to comprise a low dendty, 
large-scale series of braid bars within widely spaced, 
broad channels. Elsewhere,alowdegreeof bcaidiiig, 
with some channd bifurcation, is present between 
zones of more hummocky terrain exhibiting 
disjointed drainagecourses, (tepressions, andpools. 
The networks also include several deep, broad, 
incised channels (sec Fig. 8,9) dissecting the Wolds 
surface and cutting through the terrace edge on to 
the lower Balmoral surface. These deep channels 
are initiated at transverse, norUi-CacingblufEs, which 
appear to represent either former ice<ontact slopes, 
or fault scarps (Mansergh pers. comm.). The 
drainage pattern on Pattersons Terrace is similarly 
subdued and oomiMises indistinct braid bars and 
areas of disrupted drainage, closely resembling that 
of the Wolds surface. However, the much higher 
channel density, channel frequency values, and 
indices of braiding indicate a rather smaller scale, 
denser, more highly braided networic dum on the 
Wolds surface. The Balmoral drainage network is 
quite distinct from that of either the Wolds or the 
later outwash surfaces. Here, severed iniegnted 
dendritic networks have evolved, giving rise to low 
numbers of bifurcating channels. The main central 
network rises within theBalmnral morainecomplex 
itself and drainsmucbof the single outwasb suifaoe. 
However,evidenceoflocal areas offormer braiding 
is also present, perhaps reflecting localised 
preferential erosion of topsoil and loess within the 
shallower, braided paleochannd courses. The 
preserved Balmoral channel pattern therefore seems 
to form a composite network, with a consequent 
dendritic network superimposed on, and partially 
revealing (through water aiid eolian erosion), the 
underlying original braided n^woik (see also 
Filzharrisetal. 1982). The lower terraces that have 
been interpreted as representing Mt John outwash 
are distinct from bodi die Wolds and Balmoral 
surfaces in that they exhibit extensive, complex, 
highly braided paleochannel networks (Fig. 9). 
Hie numerous narrow dunneb are densdy spaced 
across the outwash surilace, and exhibit high 
numbers of channel junctions and bifurcations. The 
channel network is readily identified from aerial 
photographs and on the groiind,paiticularly because 
vegetation contrasts firilow the topogn4)hic 
variations between channels and bars. 

The channel courses are frequently lined with 
fescue grasses and scabweed, while the braid bars, 
often wiUi gravel dq;)osits eiqxMed, nqiinrt • 
scattering ci tussock grasses and mattgooii 
(Piscaria loumatou). These netwodcsaie similar 
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Fig. 7 Measures of geomorphic crilcria for successive outwash terrace deposits, Tckapo valley. A Elevation range of each formation. 
B Mean gradient of eadi outwash terrace, adjusted for differential tccionic uplift. C Mean and standard deviation of loess thickness for 
the main outwash temces. D Paleochannel density and Ctequen^ for the main outwash dqiosits. E Topoiogic indices of the degree of 
bnuJingofpaleocfaflnnel systems of the main outwash dqx»its. FSpeci&egmviQroffteywackeclasts in the main ontwaifa deposit (see 
Table4). 
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to thosedescribcd by Powers (1962) on the younger Hurunui 
terraces, and by McKcllar (1960) on the Hawea outwash 
south of Lake Wanaka. The Tekapo terrace surfaces exhibit 
highly braided paleochaanel patterns, similar to those of the 
Mt John outwadi. Unfortunately, only narrow terrace 
fragments have been preserved in this area, precluding more 
extensive sampling of the channel pattern. The present-day 
channel pattern oftheTekqpoRiver is alsobfBided over much 
of the study reach. The floodplaln includes a number of bars 
and islands, many of which have become vegetated, leaving 
a complete hierarchy of channels from active through to 
almost totally inactive. 

Specific gravity (solid density) of outwash clasts 

The measurements of specific gravity indicate that those 
deposits considered to be the oldest also exhibit the lowest 

specific gravity values (Fig. 7F, and Table 4). The values for 
Uic Pattersons Terrace and Wolds deposits and those bounding 
Irishman Creek, average 2.63, 2.64, and 2.68 g/cm' respec- 
tively, while those of Balmoral average 2.70. and those of Mt 
John and Tekapo reach mean values of 2.74 and 2.77 g/cm^ 
respectively. The decrease in values with increasing age 
matches thepaticms of change in specific gravity recorded by 
Mansergh & Read (1983 pers. comm.) and in till by McGregor 
(1981) (sec Tabic 4A). However, the present data indicate 
much higher values for the Mt John and Tekapo deposits than 
McGrcgOT 's till data, and arather lower value for the Pattersons 
Tcnaccdq)ositthanihatobiaincdbyMansergh. Nosignificant 
dinbrcnce was found between the specific gravity values for 
the Pattersons Terrace and Wolds deposits, nor between the 
Mt John and Tekapo deposits (Table 4B). However, the 
specific gravity values of the Balmoial d^osits were found 
to differ significantly from those of both the Wolds and Mt 
John deposits. 



INTERPRETATION OF RESULTS 

Methodological Assumptions 

The results of the topographic, gradient, loess thickness, 
channel network, and specific gravity analyses provide a 
quantitative and objective basis for the discrimination and 
classification of the main morphological units in the Tekapo 
valley. However, the validity of any such classification 
depends on the validity of the assumptlons.and the assessment 
of likely enors, involved in the interpretation of the quantitative 
measures obtained. Several assumptions have been made , for 
example, in the interpretation of themoq)hological data: (1) 
Although the longitudinal profiles have been used in the 
comparison of different deposits, each formation exhibits 
substantial lateral variation in topography (see Fig. 8); precise 
height dif femioes andconelations between different surfaces 
are thus subject to some error. (2) Surfaces of similar elevation 
are assumed to be of similar age (e.g.. Wolds and Pattersons 
Terrace). However, deposits of similar elevation may have 
been formed at different times in different parts of the valley, 
or older (higher) deposits may have been eroded, lewcnked, 
or exhumed by later glacial or fluvial activity. (3) The rates 
of uplift calculated for each outwash surface are based on 
assumptions of the likely age of die deposit, as proposed 1^ 
Speight (1961) and Manscrgh (1973). The uplift predictions 
for the older deposits, in particular, are therefore likely to be 
subject to the greatest error. 

Iheinteipietationof decreasing loess thicknesses through 
thetmacesequoiceisalsobasedonseveralassumptions. (l) 
The basic assumption is that maximum rates of loess 
accumulation occurred during periods of ice recession, with 
extensive ice-fiee and qxvsely vegetated veasnewly exposed 
toeolian transport. Hence, great thicknesses of loess cover on 
a surface arc interpreted as representing accumulation during 



Table 2 Mean gradient of outwash teriaoenirface* and amoimtt of difTeioitidtec^^ 
valley. 



Amount of Corrected mean 

differential uplift (m/tan) gradjentOn^) 



Formation 


Surveyed mean 
gndioitt(in/km) 


afier 
Adams 

(1979) 


afker 
Wdbnan 
(1979) 


after 
Adams 

(1979) 


after 

Wellman 

(1979) 


Wolds 




21J 


1.9 


2.9 


19.9 


18.9 


Wolds F.C.* 




22.1 


1.9 


3.1 


20.2 


19.0 


Balmoral 




18.8 


1.2 


24 


17.6 


16.4 


Balmoral F.C. 




13.0 


1.0 


1.7 


12.0 


113 


MtJohB 














fteximalMifaoet 


1 


234 


0.6 


1.7 


22.8 


21.7 


Ptoximal surfacef 


2 


163 


OJ 


1.2 


15.8 


15.1 


Proximal surfacef 


3 


143 


0.5 


13 


13.8 


13.0 


Distal surfacef 


1 


11.6 


03 


03 


113 


11.1 


Distal surfacef 


2 


10.3 


03 


04 


10.0 


9.9 


Distal surfacef 


3 


103 


03 


04 


10.0 


9.9 


Distd surCacet 


4 


8.6 


03 


04 


83 


8.2 


Tekqw 














Proximal F.C. 


1 


204 


03 


1.6 


19.9 


18.8 


Proximal F.C. 


2 


21.6 


03 


1.6 


21.1 


20.0 


Proximal F.C. 


3 


233 


0.6 


1.9 


22.7 


21.4 


Proximal F.C. 


4 


233 


0.4 


0.5 


22.9 


22.8 


Distal surface 


la 


7.8 


0.3 


0.6 


7.5 


7.2 


Distal surface 


lb 


7.8 


0.3 


03 


7.5 


73 


Distal surface 


2 


8.0 


03 


03 


7.7 


73 



*F.C., flood channel. 

tlVoximaVdistal boundary taken as Fade Stream. 
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atleastoneglacial/interglacial period. However, loess might 
have accumulated during interglacials when much sediment 
was available from exposed river sediments (e.g., Ives 1973). 
The presence of a buried paleosol would provide stronger 
confiimatory evidence of a prolonged, warm period. (2) lite 
data analy.scd in this study were obtained from a single 
transverseprofilc; no data are available to indicate longitudinal 
variations between proximal and distal zones. Such a study 
would help indicaiesouices(tf material, assuming a downwind 
decrease in loess thickness. Thus, diis study assumes a 
constant source and distance of loess transport along a given 
traverse. 

Other assumptions underpin the interpretation of 

differences in channel pattern characteristics on the terrace 
surfaces. (1) The basic assumption is that similar drainage 
patterns developed on each surface prior to its abandonment 
1^ mcltwatcrs as the ice margin retreated and/or became 
increasingly entrenched. Tli^ is questionable because. 



although many proglacial mcltwater streams do exhibit 
complex braided channel systems, the channel pattern that 
actually develops depends on a wide range of factors. In 
particular, channel pattern represents a response of the stream 
to its water and se(!Ument load over a given energy gradient, 
being carried throughagivenrangeof bank materials. Hence, 
any analysis of channd pattem dianges should consider the 
possible physical and geomoiplnc controls on these changes. 
In addition, the apfmch assumes that no significant 
downstream changes in channel pattem have occuned, dnce 
the sampling transect crosses each terrace surfaceatadifferent 
distance from the former ice margin. A change in pattern may 
not necessarily represent destruction or obliteration of the 
"original" pattern, but simply represent the initial development 
of adifferentkind of pattern, in response to different hydrologic 
and geomorphic controls. (2) Two other assumptions made 
in the generation of quantitative measures of the lenace 
channel patterns are (a) that the observed tenace fiagments 



Table 3 


Loess thickness on Tekapo vall^ outwash teiraoea. 










No. of 


Thickness (cm) 












Formation 




samples 


Mean 


S.D. 


Maximum (cm) 


Wolds 




2 


87.00 


22.63 


>103 


Wolds 


PClu* 


3 


84.80 


18.33 


>106 




FCll 


3 


43.30 


3.84 


46 




FC2 


4 


59.13 


34.29 


>\ms 


Balmoral 


b* 


33 


78.73 


16.60 


112 




c 


11 


24.75 


7.96 


39.2 




dh 


10 


23.60 


8.63 


39.0 




FCU 


4 


64.80 


13.45 


83.0 




FC3 


4 


S0Jt5 


4.73 


553 




FCb 


2 


nsa 


23S 


19.6 


MtJohn 


lb b 


6 


3132 


1636 


S2.8 




c 


S 


44JS 


11.79 


604 


MtJohn 


2b 


18 


22X>2 


9.8S 


A22 




c 


16 


4050 


7.85 


60.0 


MtJohn 


3b 


23 


17.37 


4.79 


33.1 




c 


28 


36.58 


10.00 


57.2 


Telcqio 


lb 


6 


12.67 


2.72 


16.0 


c 


11 


38.04 


12.20 


56.5 


Tdcqxi 


2b 


14 


16.98 


7.70 


38.0 


c 


9 


3332 


14.77 


573 


Mimstry of Works borehole data 








Wolds 




33 


5SJ8 


27.25 


i2ao 


Balmoral 




8 


40.63 


26.07 


91.0 


Paucrsons Terrace 


11 


115.73 


26>43 


1510 


Irishman Creek 


1 


60.00 






Mt John 3 




3 


100.67 


16.74 


120.0 


Mt John 2 




1 


152.00 






Analysis of variance 










(1) Differences within fomiaiiaa. 


(2) Differaioee between formatiant. 


Fbmuuion 


Levd <rf significance 


Formation 




Levd of aignificanoe 


Tekapo 


lc/2c 


ns 


Wolds/Babnoral (b) 


0200 


lb/2b 


0.0S0 


/MtJohn (c) 


0.005 








/Tekapo (c) 


0.005 


Mt John 


lc/2c 


ns 










lc/3c 


ns 


Balmoral 


(b) 






lb/2b 


ns 




/Ml John 


(c) 0.005 




lb/3b 


0.050 




/Tekapo 


(c) 0.005 




2c/3c 


0.100 








2b/3b 


0.0S0 


MtJdin 


(c)/Tekapo 


(c) ns 










MJ3c/rck 


Ic ns 


Balfflonl 


c/dh 


ns 




MJ3c/rek 


2c 0.200 










MJ3b 


lb 0.050 


*FC, flood channel; u, upper, 1, lower; b. bar top; c, channel bed; dh, deflation hollow. 
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Fig. 9 PaleochamMl qrttent on 
the main outwash terrace surfaces, 

west of Tckapo River and south of 
the Fork Stream. Based on 
interpretation of 1:20 000 aerial 
photography. T, Tekajx) ouiwash; 
M J, Mt John outwash; B, Balmoral 
outwash; W, Wolds Foiroatian; FT, 
Pattersons Terrace (we Rg. S fior 
location nup). 



areiepresentativeof the whole former outwash surface, much 
of which has now been eroded and removed, and (b) that the 

mca.surcmcnts represent a unified, integrated, contem- 
poraneous channel system, rather than numerous fragments 
of successive channel systems. Neither of these assumptions 
can be fully verified in this study. (3) The measures of 
channel pattern, channel frequency, and degree ofbraiding on 
the older deposits are partly based on fragmentary, indistinct 
evidence of paleochanncl courses, and are therefore also 
subject to some enw. (4) The interpretation of clast specific 
gravity assumes that the initial clast density values were all 
constant and high, and that weathering of a deposit has 
affected each clast equally. However, if dasts have been 
reworked from older deposits, the youngest dq;X)Sits are 
likely to include a wide range of "old" clasts. Some clasts 
firom ihepiesentbedcf theTdaqwRlverneartheForicStieam 



confluence, for example, exhibit specific gravity values lower 
than those recorded for the Mt J(An dqjosits (see Table 4). 

Origin and chronology of the terrace sequence 

The distribution of the main geological formations in the 
Tekapo valley, based on interpretation of the geomoiphic 
criteria discussed above, is shown in Fig. 10. These data 
generally confirm ihc intcrprcUUions put forward hy Gair 
(1967), Uedtke (1980), and Mansergh (pers. comm.) (see 
Fig.4{uid 10). However,several details of these i nieipret a tiops 
appear to contradict the present evidence. The present data 
support the view that Pattersons Terrace is likely to be older 
(having a thicker loess cover), or at least contemporaneous 
with, the Wolds Formation. Both deposits are mantled with 
a thick loess cover. Their high elevations, steep gradients, 
channel pattern chuactaistics.andIowspecific gravity of the 
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Fig. 10 PropoMd mtopntaiion of major glacial/glaciofluvul fonnaiians in the Tekapo vaDey. 
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Tabk4 Speci&gnviiydeienniiiatioiisofoutwashclasti,Tekapovd]^ 





No.ot 
samples 


Specific gravity 


GmiparisonwidiodKr data 


Mean 


SJj. 


Kwur^orCl'ol) 


Manaeigh & Read 
Opcnxonun.) 


Tekapo River 


15 


2.711 


0.043 






Tekapo outwash 


16 


2.773 


0.056 


2.63 ±0.027 


2.705 


MtJohn 


35 


2.741 


0.093 


2.60 ±0.070 


2.705 


Balmoral 


27 


2.696 


0.080 


238 ±0.028 


2.682 


Irishman Creek 


10 


2.676 


0.073 






Wolds 


32 


2.641 


0.087 


2.55 ±0.039 


^640 


Pattersons Terrace 


20 


2.635 


0.077 




2.670 



Analysb of Variance: levels of significance of differences in specific gravity values for different 
formations. 





Tekapo 








Irishman 




Pattersons 




River 


Tekapo 


Mt John 


Balmoral 


Creek 


Wolds 


Terrace 


Tekapo River 




0.005 


0.005 


ns 


ns 


0.005 


0.005 


Tekapo 


0.005 




ns 


0.005 


0.005 


0.005 


0.005 


MtJohn 


0.005 


ns 




0.005 


0.005 


0.005 


0.005 


Balmoral 


ns 


0.005 


0.005 




ns 


0.010 


0.010 


frisfamanCtedc 


ns 


0.005 


0.005 


ns 




0.020 


0.100 


WoUi 


0.005 


0.005 


0.005 


0.010 


ojino 




ns 


Pattersoos Temce 


0.005 


0.005 


0.005 


0.010 


0.100 


ns 





clasts arc not significantly different. Both Pattersons Terrace 
and the Wolds surface extend from inegolar hummocky 
terrain into steeply graded channelled outwash deposits, 
exhibiting well- weathered sediments. The Balmoral Formation 
appears to be younger than the Wolds and Pattersons Terrace 
deposits. The Balmoral Formation is lower, has a lower 
gradient, thinner loess cover, and higher clast densities. In 
addition, the Balmoral surface exhibits a distinct scries of 
dendritic drainage courses. These deposits, in turn, differ 
significantly in terms of all of the measured geomorphic 
criteriafiromthoseofthe younger MtJohn deposits. The latter 
exhibitdistinct, highly braided paleochannel systems, mantled 
with only a thin and often discontinuous loess cover, and are 
composed of relatively high density clasts. However, the Mt 
John and Tdcapo Formations do not exhibit any rignificant 
differences in channel pattern or clast density, although the 
latter deposits are lower, have lower gradients, and a thinner 
loess cover. The high relative elevation, steep gradients, and 
thick loess covers of the Wolds and Pattersons Terrace 
dq)osits suggest that these rcpnsexA the oldest formations in 
the area, and they are likely to have experienced two 
inierglacials since their formation. This would imply that 
they may both be older than Waimean.and are hence possibly 
of Waimaungan age (Table 1). The Balmoral Formation is 
clearly significantly younger and if, as seems likely, it was 
formed prior to the last glacial stage, it could date either from 
the early Otiran , or even from the Waimean glaciation. The 
rdatively fiesh appearance of the Iittle>wealhered, widely 
exposed outwash deposits of the Mt John and Tekapo 
Formations suggest that they date from the last glacial stage 
(xrlateOtirangfladaiioa. The two aeriesofdeposits cannot be 
distinguished on the measured geomorphic criteria alone, but 
it is likely that the main spillway channels through the 
moraines and the lower terraces in the sequence were formed 
during and immediately following the Tckapo glacial episode. 

The paleochannel systems observed on the terrace surfaces 
re|»esem the last dttimels on that surface prior to incision 



(Maizels 1986), so that they are likely to include a range of 
aggradational and degradational forms. Progressive gtader 

entrenchment appears to have acted as a major control on 
terrace incision (McGregor 1963; Soons 1972; Tuck 1975; 
Wcliman 1979; Licdlke 1980), while high volumes of 
meltwater discharge associated with rapid ice melt would 
have provided the medianism for rapid and substantial 
downcutting (e.g., Tonkin etal. 1974; Fity.harrisct al. 1982). 
Periods of ice wastage were probably accompanied by the 
extensive accumulation of loess, derived from freshly 
d^;laciatcd and still nonvegetated terrain. Incision by 
meltwaters was followed by periods of lateral planation by 
streams, reworking sediments on this lower siirface, while 
allowing large thicknesses of loess to accumulate on the 
higher older surfaces. With continued climatic ameliantion, 
and improved vegetation colonisation associated with 
interstadial or interglacial conditions, sediment yields 
diminished, soil developmentprogressed.and fluvial activity 
stabilised. These activities continued until a further period oif 
glaciadon, in which moraine and outwash acti^ty had become 
confined to an increasingly narrow active zone of the valley 
floor. While braided glacial meltwater streams q>read across 
the valley floor, snow-fed and summer diaw meltwaters 
draining the higher, older, loess-mantled surfaces developed 
into more integrated dendritic channel systems. 
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Abstract Excavations of deposits ranging in age from 

20 000 years ago, within the Otira glacial maximum, to the 
commencement of the Holoccnc 10 000 years ago, from 
Honeycomb Hill Cave in the Oparara valley, northwest 
Nclscm. New Zealand, have revealed a large fossil avifauna. 
Faunal and floral analyses indicate that the cave, now in a 
lowland ix)docarp/bccch forest, was in a subalpine shrub /one 
with nearby montane forcstaboul 20 000 yearsago. From this 
the existence of substantial forest remnants persisting 
throughout the Otiran Stage in this region is inferred. The 
upland moa Megalapteryx didinus (Owen) and crested moa 
Pachyornis aus trails Oliver are inferred to have been primarily 
inhabitants of montane forest and subalpine shrubland. By 
contrast, the 1 ittlebush moa Anomalopteryx didiformis (Owen) 
lived primarily in lowland forests. Other extinct birds inferred 
to have preferred the open shrubland prevailing in the Oparara 
during the Otiran are PInsch's duCk Euryanas finseM Van 
Bcneden, Aptornls olidiformis (Owen), and Harpagornis 
moorei Haast. Kakapo Strigops habropiilus Gray are only 
present in younger deposits laid down when forest conditions 
prevailed, supporting the idea that these were primarily 
lowland birds. 

Keywords cavedcposits;palcoenvironmeni;palcoccology; 
palynology; UmK, flioia: Otiran Stage; Holocene: mxthwest 
Ncbon; New Zealand 



INTRODUCTION 

The best known New Zealand fossil birds are the moas 
(Dinomithiformcs), a group of large terrestrial birds which 

exhibited considerable species diversity. The New Zealand 
landbird fauna generally is characterised by low diversity, 
high degree of cndcmism, and a high proportion of species in 
wluch flight ability was reduced or absent Since human 



occupatkm about 1000 yens ago. much of diis landbird 
assemblage has become extmct, and in fossil dqxxits a high 
proportion of the remains found are of extinct or veiy mt 

extant species. 

HbfM^comblCn Cave (Fig. 1) is a system of c. 13.Skm 
ofpassages and tunnels, connecting someTOentrances formed 
in Oligocene limestone adjacent to the Oparara River, 
northwest Nelson. It was discovered by cavers in 1976. It lies 
at about 250-3(X) m above sea level within a broad valley 
drainhig nordi-soi^. The strata dip c.lO* to the east The 
limestone overlies granite on which the present topography is 
formed west and north of the cave. To the south and east, the 
topography is devckiped on marine mudstonea that oveiiie 
the limestone. 

The prevailing vegetation is, or was before selective 

logging, a mixed beech/podocarp forest. Silver and red beech, 
rimu, miro, rata and in wetter zones, kahikatea, were the 
predominant species. The forest floor is primaiily covered in 
mosses indicative of the very wet climate prevailing. The 
temperatures are generally cool with some frosts in winter. 

A preliminary investigation (Millencr & Bartle unpubl. 
1982) indicated that the caveconiained an abundance of fossil 
avian remains. A joint project between the New Zealand 
Forest Service and the National Muse um of Ne w Zealand, to 
determine the extent and nature of the fossil deposits in the 
cave, was completed in January 1984 (MiUener unpubl. 

1984) .and the Graveyard. Eagles' Roost. Cemeieiy.andMoa 
Cave sites were identified asbcingof outstanding intcm^onal 
importance. 

This study presents results of an investigation of the 
Graveyard, apassage with very extensive fossil bone dqiosits 

within stratified stream sediments (Worthy unpubl. 1987a). 
MiUener ( 1 984) had shown that at least some of these deposits 
dated to the Otiran Glacial Stage (last glacial stage) which 
ended some 14 000 years ago. It was hoped that potential 
changes in the faunal composition from tte glacial to die 
Holoccnc could be described. Su-alificd deposits containing 
extensive faunas from this time, when the climate and 
vegetation cover were very different from today (McGlone 

1985) , were previously unknown in New Zealand, although 
several more limited faunal assemblages are known (see odd 
specimens dating from this period listed 1^ MiUener (1^1) 
and Worthy (1987b)). 

CbllectionsmadebyMilfencr(1984) were,predominandy, 
of lag deposit material from near Site 1, and from the Main 
Channel between Site 2 and Site 3 (Fig. 2)* Millcner made 
small excavations on the surface and face of The Terrace and 
at die base of die slc^c leading towards the Main Channel in 



*In llic interests of jwescrving the subfossil deposits, the complete 
map of the cave has not been made public by the Department of 
Conservation, so therclaiionshipofthc Graveyard to other passages 

in the syttem cannot be shown here. The cave is managed by the 

R0»M 13 A^J988. accepted lAugug 1988 Dqivlmeatof CoiiMivatkn.PX).Box3S7, Wea^ert. 
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what is now die middle of Site 3. Kea, Nestor notabilis 

(Gmelin), and the extinct Finsch's duck, Euryanas ftnschi 
Van Bcncdcn, were abundant. Site stratigraphy was not 
reported. 

During visits by Wortlty in 1984 and 1986 it became 
appaientthat deposits in the Graveyard were straiigraphically 

divided into at least two layers. A moabone (Dinornis lorosus 
Hutton), collected from the surface of an exposed moa 
bone Ineccia in the Main Channel (Fossil Record Number 
L27/f88)*, was dated at 16 200 ± 300 years B.P., and a 
tlbiotarsus of Pachyornis elcphanlopus (Owen) (Fossil Record 
Number L27/f90), collected from ilic lag deposit beyond The 
Terrace, was dated at 14 500 ± 250 years BP. (National 
Museum files). Because these dates indicate that some of the 
deposits were laid down before the end of the Otiran, a study 
of these layers could reveal the fauna of this largely unknown 
period in New Zealand's histoiy and may also indicate 
changes following the wanning at the commencement of the 
Holocene. 

Material from lag deposits could not be used for 
proportional analyses of species because itcontains a mixture 
ofmatcrial from aU pre-existing Utyas.llieTenace, however. 



*New Zealand Fossil Record File number based on (he metric 
CNZMS 260) topogr ap hic map series, sheet L27. 



was obviously extremely important, because the bone breccia 
in the Main Channel continued as the lowest part of The 
Terrace sequences beneath 0.5 m of other sediments. At the 
lowest part of the Walling Aocen Runge, just befbie the 
slope up to the Main Channel, a low-roofcd chamber leads to 
ihc right (Fig. 2). Within it, small scale scour of sediments has 
revealed bones to a depth of 0.5 m. 

Excavations were planned with two broad objectives: (1) 
determination of die age range, extent, and depositioaal 
environment of subfossil material; and (2) characterisation of 
the fauna for each layer, paleocnvironmental reconstruction. 
andtbeieconliQg of any changes to the fauna such as species 
composition or changes in size cr abundance of particular 
species. 



METHODS 

Fieldwoik was undertaken periodically between29 December 

1986 and 19 May 1987. 

Excavations at Site 1 revealed that faunal deposition had 
been limited because the site was on die outer curve of su-eam 
flow and thus subject to the greatest water velocity. This 
meant that correlation of bones in the observed stratigraphy 
with those in the Main Channel was virtually impossible, so 
Site 2, a 1 area acyacent to the bone breccia in the Main 
Channel, was excavated. This enabled correlation of matnial 
in Sites 1 and 2 with the uncxcavatcd reference bank of bone 
breccia and with the trench from the Main Channel ( 1 m wide) 
through to the lowest point of the access passage (Site 3, 
Fig. 2). In this third trench it was planned to go as deep as 
necessary to determine the extent of the fauna-bearing deposits. 

ExcavaiionsatSitcs 1 and2requiredihecomplete removal 
and sieving of material Following excavation, material was 
hauled by a rope and pulley system 10m vertically to the rode 
shelter above where it was wet sieved. The volume of sediments 
processed was about 1 .5 and 1 m^ in Sites 1 and 2. respectively. 

Before Site 3 was excavated, the entire Main Channel area 
was covered by a wooden stage to protect die bones. Dqx)sits 
at Site 3 were mosdy coarse sediments (sand and gravel) 
which did not need sieving. Bones were therefore sorted as 
they were excavated and the wastes dumped at die lower end 
of die Main Channel. The base of the exposed bone breccia in 
the Main Channel was followed downslope into the Walking 
Access Passage. Here the breccia deposit (layer 3, L3) fanned 
out over a clay deposit containing bones probably derived 
from up die Walking Access Passage. Excavations were 
made to 1 m depth, and the base of this bone layer (L4) was 
not reached. 

Material was washed and dried upon arrival at the National 
Museum, diensoctedby site, layer.and species, thenregisteied. 
Nfeasurements were niade for complete limb bones of many 
moa and Fmsch's duck. 

Samples of moa bone from each layer were submitted for 
dating to the Institute of Nuclear Sciences, NZ. Department 
of Scientific and Industrial Research. Pollen analysis of day 
samples was undertaken by D. C. Mildenhall. 

RESULTS 

Stratigraphy and sediment description 

Sites 1 and! (Fig. 3) Layer 1 (LI) is a thin (5-20 mm) 
deposit covering layer 2, oonasting of limestone weadierimg 
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products from the cave walls and roof, and partially consoli- 
dated in places by calcite. It is therefore considerably younger 
than the underlying fluvial deposits. The only bones in LI 
were remains of owlet-nightjars and some firogs (i.e., animals 
thtt had lived in or entered the cave rebttivdy recently). 

Layer 2 (L2) is the first layer of stream-laid sediments 
encountered. Its upper surface is of variable topography, 
apparently relating to roof drip erosion subsequent to its 
deposition. Its lower surface is even, although inclined 
downstream at c. 10-15°. L2 thus thickens downstream, 
reaching a maximum of 0.5 m. 

The sediments in L2 are mainly fine silts and sands, with 
many quartz moa gasiiolidis. Small bird bones predominate 
in the faunal material, widi relatively few moa bones and 
some moa eggshell fragments, probably derived from unlaid 



eggs from within trapped moas. The fauna of LI and L2 is 
considered together since bones protruding from L2 were 
often incorporated in the calcite crust of LI . 

Layer 3 (L3) is defined by the presence of bones within 
mainly coarse grit with some sand and gravel In Site 1 , which 
covered an area where the stream had been constrained 
between the wall and a large limestone rock, there are few 
bones. Below theL2-L3 interSKealayer of sparse moa bones 
is foimd and very few are encountered till 0.4 m below. Here 
another sparsely fossiliferous layer defines the base of L3. 
Below the bones in L3 the sediments are uniform and only 
two small bone fragments were encountered in the next 0.3 m. 

In Site 2 die interfiKX of L2 widi L3 is marioed by a layer 
of angular limestone rocks. Both "upstream" and "down- 
stream" of Sites I and 2 erosion has destroyed L2 (Fig. 3). 



I 
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Fig. 3 Extended longiOKfiRal teetkm through ihc Graveyard deposits. NX FeuU Reond numben lariet) show iMatkn of d«ed 
fionO bones (•) or polkn samples (o). Hatching delineates sedimimts in whidi dwn aie no botws. 




Site2is sligh il y d i frcrent in character because dqxisition was 
ill Ibe area of slow flow on the inside of the Stream channel 
The sedimoits in L2 are finer than those in Site 1 but are still 

prcdominanily coarse sands and grit. Below the layer of 
limestone rocks in the exposed section the bones occur only 
in the first 0.3 m of sedimoit bat, elsewhere within the 
excavated area, they extend to 0.5 m depth. Interspersed with 
the bones arc numerous stream cobbles up to 0. 1 5 m diamcicr. 
Moa bones are very abundant as are smaller bones of, for 
example, kea and Finsch's duck. The base of L3 was taken to 
be at the depth at which bones and coM)les were no longer 
encountered (at this site, at a maximum of 0.5 m below the 
L2-L3 interface). Blue-grey sill continues to at least 0.7 m 
below the L2-L3 interface in the exposed section of Site 2. 



A feature of this zone is discontinuous bands of browner 
sedimmts. AS nun thick clay layer was found 0.6 m below 
the L2-L3 interface. 

Site 3 (Fig. 4) To avoid confusion, layers encountered here 
are dest^iated nmnbera that cofmpond to die etpnvalent 

layer in Site 2. The surface deposits at the eastern end of Site 
3 were part of L3 w hich could be traced from Site 2 along the 
exposed bone breccia of the Main Channel as shown in the 
longitudinal section (Fig. 3). At the eastern end of Site 3 the 
base ofL3 Q.e., where die bones ended) was only 0.2 m below 
the surface. Excavation was deep enough to identify the 
change from ossiferous sediments to those lacking bones and 
thus to reveal a sediment profile. In the first 3 m of the trench. 
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L3«toi)eg«teqply(10-20°)doirofromiheMainChannd,and 
levds oat to form a 0.3in diidc layer extending fiom20 

to 320 mm depth below the surface. In the level area of the 
sediments 0-C-> 3-S m from the Main Channel), L3 was 
covered by a deposit sim ilar in character to that of L 1 in Sites 
1 and 2. Thus, in Site 3, 0-20 mm depth over the level area is 
termed LI. It is nonsedimentary. derived from weathering 
breakdown of limestone and secondary calcite deposition, 
and is porous white and brown in qyea r ance. 

In the first metre firom the Main Channel below L3 there 
arc coarse silts and gravel without bones. A large limestone 
rock protrudes through these sediments between 0.7S and 
ISm firom the Main Channel. The base of L3 was not exposed 
between IS and 3.0 m £Fom the Main Channel so it is 
extrapolaiBd as a dotted Une in Fig. 4. Beneath die area where 
L3 is horizontal (i.e., 3-5 m from the Main Channel) is a layer 
of Gne toown clay. At the excavation face, S m from the Main 
Channel, diis layer (L4) extends fiom 0.3 m to die base of die 
excavation, at 1.0 m depth. However, it was deposited on a 
sloping layer of coarse blue-grey grit similar to that below L3 
in the area 0-3 m from the Main Channel. L4 is thus inserted 
as a wedge between L3 and lower sediments. 

Bones of moa predominate in L3 but there are also large 
numbers of medium sized birds, for example, kca and Finsch's 
duck, as in Site 2. Slabs of iimesUHie probably derived from 
die roof are present in L3. In L4 there are bonies of both moa 
ttid smaller birds. 

Association of bones and their significance In L2, L3, and 
L4 there were numerous, partially articulated sets of bones, 
such as a pelvis and associated femora, or a row of vertdMae; 
one entire moa foot skeleton was articulated. This shows that 
the faunal material was deposited as recently dead carcasses 
tlHt wereiWOiMfetylOdiQg, since some dismemberment had 
oocnned. Hieae booes could not have been redeposited 
fcdlowing erosion finom an older deposit, andthdrage should 
reflect the age of the bones at similar stratigraphic levels 
within the deposit. Redeposition of some bones cannot be 
discounted but is considered very unlil^y because all bones 
had similar preservation features. 

L4 in Site 3, although not extensively excavated, contains 
a fauna with an even greater association of skeletal elements, 
stiggesting that skeletons or animals reached this dq)Osition 
zone largdy intact However, the very wet days tofward the 
base of L4 provided a poor medium for prcscn ation and 
smaller, more porous bones are often irrecoverable. 

Age of deposits 

The results obtained by dating (Table 1) suggest that 
deposition of L3 began about 20 000 years ago. The upper 
limit fbr deposition of L3 may be about 14 000 years ago, 
since this is the age obtained for a bone of the heavy footed 
moa (L27/f90) assunted to have been eroded from this layer. 
Itcertainlycontinueduntil 16000yearsagoG^7/C88 collected 
in situ near die top of L3 in die Main Channel). 

Dates obtained forL27/fl00 (in situ at ihc lop of L2) and 
L27/f 1 02 (eroded out into the entrance of the passage revealed 
by excavations in Site 1) indicate diat deposidon continued 
until about 11 000 yean ago. 

Final conpflsitkHi 

The abundance of the species present in the various kqrcn of 
the Graveyard is detailed in Table 2. 



The ui^and moa, Megalapteryx dUUnits (Owen), is the 
most common moa m aU layen A Idg^ proportion of its 

remains are of juvenile birds. Of 73 birds represented in L3, 
56% are juvenile or subadult (determined from incomplete 
ossification). This is a very high proportion of young biidi for 
any assemblage and greater dian \m been recorded for moas 
at any otherlocality.Thebonesof the crested moa,Pa<:/iyornu 
australis Oliver, are next most abundant but are present only 
in L3. These have been identified previously (Miilener 1984) 
as the stoat-legged moa, Euryapteryx gravis, bat Worthy 
(1989, this issue) considers the crested moa to be a distinct 
species and that these bones are referable to it 30% of the 
individuals of die crested moa represented by the bones are 
juvenile. 

The moa spedes composition in die vicinity may have 
changed between the time of deposition of L3 and L 1/L2. The 
lMebaAm)ti,Anomalopteryx(ii(ltformis (Owen), present in 
the small sample from L1/L2, is not widiin the much larger 
excavated areas of L3. This suggests bones of this species 
found in the lag deposits by Miilener (1984) are likely to have 
been derived from L1/L2. Miilener also recorded two bones 
of the little bush moa from Site 3. Examination of diese bones 
indicates they were on the surface, and are therefore not 
necessarily contemporary with in situ material at this site. The 
heavy footed moa, Pachyomis elephantopus, is present in L3 
and, like the crested moa, is absent from L1/L2. 

Among bird species other than moa, Finsch's duck 
predominates in all layers. Worthy (1988) shows that birds of 
this population had significantly greater flight ability than 
later Holocene populations elsewhere in New Zealand. The 
kea is next most abundant in aBlayen except L4. 

Harpagorrus moorei Itaast (Ibast's ea^) is present in 
L3 but not L2. 

The better representation of passerines in L2 than in L3 is 
explicable as a function of die energy of die stream diat 
d^osited each layer. There are ahnost no very snudl bones in 
L3; for example, no wrens are represented. However, in both 
layers a few kokako. Callaeas cinerea (Gmelin), bush robin, 
P€tn^aiistralisiSpBmam),andtxljaiCtaoyK,Palaeocorax 
moriorum (Forbes), are recorded. In L2, remains of five 
Stephen Island wrens, Traversia lyalU Rothschild, were 
recovered with individualsofanew species of wren (Miilener 
1988). Brown leal. Anas auckUuu&ca (Gray), and piopio, 
Tumagra capetids ^parrmm), are absent fion L3 and 
represented by only one individual each in L2. 

Bones of Ave species of petrels occur in low numbers in 
Ll,L2,andL3. 

Differences in composition of the rail faunaareqiectacular. 
In Ui.Apiornis otidiformis{Owen) is very abundant and there 
are few weka, Gallirallus australis (Sparrman), but in L2 
Aptorms becomes rarer than weka. Tak3be,Porpkyrio manielU 



Table 1 dates and stratigraphy of moa bones from the 
Graveyard. All dates based on Ixme collagen, Lil>t>y T'/2SS68 years. 



Record no. Speciea 



Age 



Location 



U7/fl00 M.didimu 1120Qtl5O 

L27/f88 P. australis 16 200±300 

U7/fl01 M. didinus 19 300±400 

U7/fl03 P. australis 20 6001450 

l^/n09 P australis 18 60Ctt230 

L.27/f90 P. elepharaopus 14 5O0±25O 

L27/nQ2 M. didinus 10 98Qtl40 



-15 cm, 12, Site 1 
Top L3, Main Channel 
-60 cm, base L3, Sile 1 

Base 13 Site 3 
Base U Site 2 
I^g deposit 

Entrance to new paittagn 
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Tables Occ ur nsiice of bWg in ifae Eagle*' Roost md Graveyard (LI & L2. L3. L4) deposits. Honeycondi HOI Cwe. Mkiiiimm mniber 
of individiulB of eadi qiedes am shown Cffctdty 1987a). 











Grsve- 


Grave- 


Grave 


Order 






Eagles* 


yard 


yard 


yard 


Species 


Common name 


Roost 


LlftL2 


L3 


\A 


Palaeognathi£Diines 


Anomalopteryx did^onnis 


Little bush inoa 


0 


2 


0 


0 




Mcgalopteryx dtdinwt 


viBKHaw aaavaa 


3 


4 


73 






Packyonus tl^hoHlopus 


Heaw fixttad moe 


0 


0 


4 


0 




P. oustraUs 


Crested moa 


0 


0 




A. 




Dlnornis torosus 


Slender moa 


1 


0 


0 


0 




D. novaaealandiae 


Large bush moa 


0 


0 


1 


0 




Apteryx austra&^haa^ 


Brown or great spotted Idwi 


3 


0 


1 


0 




A. owenii 


Little spotted kiwi 


1 


0 


0 


0 


Pneellariifonnes 


Pterodroma mexpectata 


Molded petrel 


0 


2 


2 


0 




P. cookii 


Cook's petrel 


2 


0 


2 


0 




Puffinus gavia spp. 


Fhitteiing sheaiwater 


2 


1 


1 


0 




PackyptUaturtur 


Fairy prion 


0 


I 


2 


0 




PeleeaniMes Kriiuior 


Diving petrel 


1 


1 


1 


0 


Pdecanifonnei 


PhalacroeorcBC earbo 


Black dug 


1 


0 


0 


0 


Annrifbnnes 


Cnerruorrus calcitrms 


S.I. extinct goose 


1 


0 


0 


1 




Eufyanas finschi 


Finsch's duck 


3 


43 


30 


4 




llymenolaiinus malocorkyHehos 


Blue duck 


0 


1 


0 


0 




Anas aucklandica 


Brown teal 


U 


1 


0 


o 


Falconifoimes 


Harpagomis moord 


Haast's eagle 


2 


0 


5 


0 




Circus eylea 


Extinct hairier 


0 


1 


1 


0 




Paleo navaeseelandiae 


N2. falcon 


0 


0 


2 


0 


GaOifimnes 


CotwwxHOvaeuUmdiae 


N2. quail 


2 


1 


1 


0 


Gruifonnet 


^lomis otid^ormis 


ExdflK» giant 'rafl' 


0 


2 


19 


1 




Galliranus austraUs 


Welca 


14 


5 


9 


0 




Callinula hodgeni 


Hodgcn's Rail 


1 


2 


1 


0 




Fulica chaihamenis 


Extinct coot 


0 


0 


0 


0 




Porphyria manlclU 


Takahc 


0 


0 


4 


0 




Rallus philippensis 


Banded rail 


0 


0 


1 


0 


CharadriKbimes 


Coenocorypha widdandica 


N2. snipe 


4 


1 


0 


0 


mnaciionnet 


otrigops habropltlus 


luicapo 


tA 
lU 


1 


A 


A 




Nestor notabilis 


iwea 


1 




1/ 


A 




■ ^n^eioe"h^— ailim 


rVWDBcr 


o 
o 




1 


A 

u 


Strigiformes 


Sceloglaux albifacies 


Laughing owl 


0 


4 


4 


0 


Canrimul si formes 


twK%f M^vmw 9^%%r^ WW^^ rUS*&dMailaf eCsMav 


Owlet niffht iar 


4 


4 




0 


Passeriformes 


Acanthisitta chloris 


Rifleman 


21 


0 


0 


0 




Xenicus longipes 


Bush wren 


12 


0 


0 


0 




X. gilvivenXris 


Rock wren 


35 


1 


0 


0 




Traversia lyalli 


Stephen Lsland wnn 


14 


5 


0 


0 




Pachyplichas yaldwyni 


Extinct wren 


36 


1 


0 


0 




Wren n. gen. 


Extinct wren 


1 


0 


0 


0 




Anihus novaeseeUmdiae 


N.Z. pipit 


1 


0 


0 


0 




Mohoua novaeseeUouEae 


Brown creeper 


5 


0 


0 


0 




t4. ochrocephala 


Yellowhead 


6 


0 


0 


0 




GerfgOM^ata 


Gf«y wifUer 


1 


0 


0 


0 




Rh^MdMrajyUginosa 


NJl. lantau 


2 


0 


A 


A 




Pgin^^n ntacFoceohahi 


Pied tit 


10 


0 


0 


0 




P. australis 


N2. robin 


49 


3 


1 


0 




Anthornis tnelanura 


Bclbird 


2 


0 


0 


0 




Prosthemadera novaeseelmdiae 


Tui 


0 


2 


0 


0 




Creadion carunculalus 


Saddleback 


9 


1 


0 


0 




CaUaeas cinerea 


Kokako 


55 


6 


5 


0 




Tumagra capensis 


Piopio 


0 


1 


0 


0 




Pakuocoraxmorionm 


Extinct crow 


1 


3 


5 


0 






Total number of birds 


324 


138 


230 


16 



(Owen), arc present only in L3 and arc rare. One record of the 
banded laxl.RallusphilippensisLinnacus, was made from L3. 

Only two bone$ofkiwi,i4p(er3i!Ksp., were recovered from 
L3 sediments. despite the large volume examined. Individuals 
found in lag deposits arc most likely to have been derived 



from LI or L2, because kiwi found elsewhere in the cave 
system (Miilener 1984; Worthy pcrs. obs.) are probably of 
more recent origin. The rarity of kiwi in this and oihcr 
Honeycomb Hill deposits is hard to explain considering its 
abundance in other subfossil localities throughout New 
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71 



_ • 

16 13 



Table 3 Taxa nmaenied anong qNMW and poUea k snniilBs 
L27/nilaiidL27^10.Fortanq)lBflll, SOOgn^weiecoiinlBd. 
Spans arc shown as a percentage of ihe total oottnt, butpoDen ai a 
percentage of pollen only. Only ISS grains were counted fbr fllO 
and in this sample both spores and poUen grains are shown as a 
percentage of this totaL Taxa forming < 1% of total count are 
indicatod by an asMridc. 

L27/nil L27/fH0 

Spores 

Lycopodium austraBaHun 
L. biUerdieri group 
L.fastigiatian 

it. SCOriOUHH 

L.vokMte 

Cyathea 43 

C. smilhii 
Dicksonia fibrosa 

D. squarrosa 
Graitvniiis 
llistiopteris incisa 
llypolepis 
Ophioglossum 
Omundaceae (T odea) 
Paesla scaberula 
Phymtaodes (Phyitutcsonu) 

diyersifoliiim 
Plans 

Po^fpodiaceae 
unidentified monokte tpam 

Pollen 

Dacrydium ct^Hretsbum 
Dacrydium bUtmWlbifiime ffOUp 
Ubocedrus 
PkjUodadMS 
Podoeatpus (ftotara) 
?Araliaceae 
Asielia 

Balanophoraccae? 
Chcncipodiaceae 
Composiiae CTubuliOorae) 
Coprosma 
Coriaria 
DracophyOum 
Fuchsia 

Griselinia UOoralis (?) 
Hebe 

Hydreeotyle 
lieStytus 
Myrsine 

Nothofagus fusca group 
Nothofagus memiesii 
Nothofagus brassitype 
Monosulcilcs 
Pittosporum 
Plagianihus 
Pseudawintera 
Umbelliferae 
Gramineae 
TCypetaoeae 
Phormium tenax 
Reitionaceae {Leptocarpus) 

lAudentlfied tricolpate grains 2 1 )poody 

Unideniified trico^ponae gnuna 9 - )pceaeived 



S 
* 

4 

2 

2 
* 

1 

31 

28 

1 

2 
<* 

* 

* 

* 

2 

1 

4 
• 



25 



* 

1 

3 

* 

* 

2 
9 



1 (?rccyclcd) 



Zealand and the palynofloral evidence f(v forested cofiditu^ 
during deposition of at least part of L2/L3. 

No bones of kakapo, Sirigops habroptilus Gray, were 
found in L3 but a few occur in L2 and in the lag deposits. 
However, kak^x) are abundant elsewhere in Honeyoomb Hill 



Cave (e.g.. Eagles* Roost; Millcncr 1984). Although none of 
these kakapo have been dated, it is likely that most are only 
a few thousand years old, since all are located below present 
entrance tomos (e.g., Eagles' Roost) or not far above present 
streams (eg., Hbneyflow Stream). 

Palynological analyses 

Pollen sample L27lfll0 (Table 3) This sample, from a 
5 mm layer of clay bounded by coarse grit 0.6 m betow the 
L2r-L3 interface in Site 2, gave inconclusive results. Two 
slides were prepared, and 155 spores and pollen grains (of 
which 110 are of Cyaihca) were counted. Preservation is 
uneven with some grains deeply etched whereas others are 
perfectly preserved; some, for example, die iMe Tertiaiy 
species Nothofagidites cranwellae (Couper), are clearly 
recycled. This state of poor preservation is not unexpected 
because immediately before and after this clay was dqjosited 
the site carried a reasonably dynamic stream. 

The palynoflora indicates forested conditions. The 
relatively high proportion of beech and rimu pollen suggests 
a lowland podocarp/becch forest, little different from that of 
the West Coast of South Island today. The abundance of fern 
spores indicates relatively high rainfall or a moist valley 
environment. The lack of pollen from herbaceous plants, 
excluding the possible Cyperaceae, suggests intcrglacial 
conditions, but the very poor palynomorph recovery and the 
evidence of some recycling of pollen midce any oondusions 
as to dimaie and vegetational type qieculative. 

Pollen sample I27lflll (Table 3) This sample was also 
from a stream environment but one where the flow rate was 
considerably less than that in L27/f 1 1 0 because only clay was 
deposited. This sample was obtained from Site 3 immediately 
below L3 (Fig. 3), at the top of L4, which extends as a 
seemingly homogeneous layer (bones of individual skele- 
tons were found over the entire excavated depth range) to over 
1 m in depth at the western end of the site. It contains abundant 
spores and pollen grains, rare insect (?beetle) remains, and 
possible fish scales. The palynoflora is poorly preserved and 
has clearly been transported or reworked; some grains are 
well preserved and may have been transported only a short 
distance. These grains are easily identified and are ilierefore 
the most prominent ones in the count The count is highly 
subjective because numerous "ghosts" of etched and bio- 
degraded spores and pollen, especially saccate and tricolpate 
grains, could not be identified and counted. 

The total assemblage is dominated by Cyathea spores 
(43%), primarily C. smithii, a frost tolerant, temperate- 
subalpine species. Robust spores such as those of Cyathea 
lend to be differentially preserved in such relatively high 
energy dqx>8idonal environments. Unidentifiable, relatively 
small monolete spores form 16%, with various conifers 3% 
and angiospcrms 31%. The other 7% consists of all other 
^res. 

The pollen assemblage has a combination of taxa which 
suggests moist, disturbed conditions, cool temperatures, and 
a scrubland in the immediate vicinity (tf the cave, but with 
some forest nearby. 

A number of taxa indicate cool temperatures. C. sndttM 
has already been mentioned. Lycopodium australianum and 
L.fastigiatum arc common. They are usually found in stony 
grasslands, low heath, and bog in montane to lower alpine 
areas, excepi when in exposed areas or subject to cold air 
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where they descend to lower levels (ecological data for this 

and succeeding taxa from Nfac{4iail & McQueen 1983). 
Ubocedrus is frost tolerant to -13° and is common in upper 
montane and siibalpine forests; in this sequence it forms 5% 
of total pollen, suggesting derivation from a disturbed 
environment at forest margins. Compositae (Tubuliflorae) 
(3 1 % of total pollen) and Coprosma (28% of total pollen) are 
in percentages consistent with alpine or subalpine 
environments (or coastal scrab). Noihofagus meiaiesii is 
dominant in cool temperate forests and often forms the 
treeline in subalpine areas. Pseudowintera occurs on forest 
margins in temperate to lower montane areas of high rainfiall, 
and, like Ubocedrus, in sciub following forest destruction. 

The only indicatkm of emergent trees is the presence of 
relatively sparse Noihofagus (most poorly preserved), 
Podocarpus (poorly preserved, especiidly the sacci), and 
possible tricolpeiB grains of finest taxa. Otherwise, all taxa 
are common subalpine or cool climate taxa (nuny also 
common, however, in lowland areas). 

Indications of wet conditions (high rainfall, persistent 
cloud cover, and/or poor drainage) include the abundanceaod 
variety of fern spores and the presence of some grams of 
Fuc/i5zaOowcrsubalpine,common along streams), P/iorm/um 
tenax (flax, common in swamps and lake and river margins), 
RestionaoeaB (paHiaiAyL^ttocarpuSt fiunily common in salt 
marshes and sobal^rine bogs), and lycopod spores. 

Invertebrates 

No invertebrate remains were found in L3, but a few snails 
and beetles, most of which occur in the forest today, were 
found in L\/L2 or lying on the surface. None were dcfmitely 
fiom the fluvial sediments of L1/L2 and they arc ihereforc 
most likely to have been recently depodted on the present 
surfiKe after erosioa revealed it 



DISCUSSION 

Paleoenvironmental reconstruction 

The palynological analyses are for deposits laid down 
immediately before 20 000 years B.P. At this time the cave 
was probably in a forested valley floor, along which a stream 
dowed,inasubalpineshnibiand/wet montane forest interface 
zone. 

The flightless bird fauna at this lime was dominated by the 
upland moa and the crested moa. Among the smaller birds, 
Rnsch's duck predominated. This duck nested in short, dry 
caves (McCidloch 1975) but this probably does not explain 
its abundance in the Graveyard. Several pitfall sites (e.g., 
Maitinborough No. 1 Cave (Yaldwyn 1958) and Castle 
^xks in Soitthland Qlamilton 1 892)) have large numbers of 
bones of this aiwdes, so a pitfiBll origin for the laige number 
of individuals in the Graveyard is likely. Finsch's dude 
probably had terrestrialhabits,similartothoseof the Australian 
wood duck, Chenonetta jtUnua (Latham), which grazes on 
ground plants and is less dependent on water than the grey 
duck. Anas superciliosa Gmelin. The giant gruiform, 
Aptornis otidiformis, was quite common, as were kca. Banded 
rail. New Zealand coot, Fulica chathamensis Hamilton, 
weka, takahe, and Hodgen's rail, Gallinula hodgeni (Scarlett), 
were all rare. Kakapo were apparently absent, and kiwi 
rare. Kokako, bush robin, and parakeets, Cyanorhamphus 
q;)p., were present in the trees, and extinct crows were 
protably using die im/Knib boindary as their fieediiig zone 



(ItN. Holdaway, unpubl. data). So Car as can be determined 

from historical sightings. South Island kokako preferred 
beech forest (Clout & Hay 1981), and so die presence of 
Nothefagus pollen in this site might be significant wiiii 
respect to the presence of kokako bones. A range of predators 
and scavengers occurred, including the laughing owl, 
Sceloglaux albifacies (Gray), New Zealand falcon, Falco 
novaeseelandiae Gmelin, harrier (or goshawk), C. eyiesi 
Scarlett, and Haast's eagle. Several q)ecies of petrds most 
have bred nearby, but it is likely that no major colony was 
adjacent to the cave because there are few bones. New 
Zealand quail, Coturnix novaezelandiae Quoy and Gaimard, 
was a shnibland/grassland inhabitant in Canterbuy when 
Europeans arrived (BuUer 1888), suggesting that dnubfand 
or grassland was present in the cave's vicinity. 

This fauna apparently changed little until about 14 000 
years ago. At about that time the crested moa and the heavy 
footed moa disappeared to be replaced by the little bush moa. 
A. otidiformis became rarer, and Haast's eagle ceased to be 
represented. Although kea and Finsch's duck still 
predominated amongst the smaller birds, snipe, Coenocorxp^ 
auddaneUca (Gray), kakapo, piopio, and brown teal ntade 
their first appearance. At this time three wrens, tui, 
Prosthemadera novaeseelandiae (Gmelin), and saddteback, 
CreatUoH canmadatta (Gmdin). were also present, bat 
whether any or all of these were present in the Oparara valley 
before 14 000 years cannot be determined with certainty 
because the flow rate of water dirough die site was too great 
to allow smal 1 bones to be regularly dq)osited (see account of 
stratigraphy). 

Comparison of the Gravqrard fauna with ttat of die 

Eagles' Roost 

The Eagles' Roost is only one of some SO sites bi the 

Honeycomb Hill Cave system that contains a subfossil fauna 
(Millener 1984; Worthy 1984a, 1987a) but research by 
MiUenerhasrevededarich fauna of mainly smaller species. 

The fauna recovered firom the Eagles Roost (Table 2) 
exhibits marked differences fiom that of the Graveyard. 
Millener (1 984) envisaged that these bones were deposited by 
a stream. A re-examination of the site, widi reference to the 
overall structure of the cave system (Worthy onpubL 1984b), 
together with observations at other sites elsewhere in New 
Zealand, suggests an alternative. This shaft entrance (tomo) 
is of such dimensions that flying birds could easily have 
entered it deliberately. Filmy ferns on die tomo walls could 
have been an attractant, especially as tfiey are a fiwoured food 
of kokako (Rod Morris pcrs. comm. 1987). Once in the tomo, 
most spec ics would find the route out would be too steep (note 
the rarity in the deposits of the fantail Rhipidura fuliginosa 
(Sparrman)anaciic^aticflier)and thus they wouldbe trapped. 
It Is doubtful that birds could escape when the oidy route to 
safety involved several steps. It is probable that, once in, a 
bird would attempt to fly straight out and so quickly exhaust 
itself and die. The ledge on which the majority of material was 
found is at the base of the tomo, and it is die only dry place, 
generally providing shelter from the incessant drips which are 
common to such sites. Bones at this site were embedded in 
sediments because percolation water has washed gently wet 
them depositing fine silts that are mainly derived firom 
limestone weathering. 

Bones of larger birds (e.g., kakapo and weka) in die tomo, 
but not on diis ledge, w^ not all collected and dierefore may 
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be undcr-rcprcscntcti in the analysis. Allowing for this 
limiiation, some useful comparisons between the Eagles' 
Roost fituna and that d the Graveyard can be drawn with 
reference toTable 1 . Datcsobtained from two moas atEaglcs' 
Roost were 11 800 ± 200 years B.P. for {L27/f9 1 ) D. lorosus, 
and 1 1 250 ± 150 years B.P. . (L27/f93) M. didinus (Worthy 
1987a). Thisfaunahasnuukedly fewer Finsch'sduckJtfMontu 
is absent, the kea is represented by only one individual, and 
there are fewer Palaeocorax. There were more kakapo and 
abundant passeiines, which, so far as their ecology is known, 
are all forest inhabitants except for the pipit The crow, if of 
similar habit to extant crows, was probably an inhabitant of 
forest margins (Millener 1981).Rinemcn,Aca/j;/j/5macWom 
(Sparrman), were numerous, and rock wrens, X. gUynventris 
Petzeln, considerably outnumbered bush wrens, Xenicus 
longipes GmeUn. Rock wrens are generally considered to 
inhabit alpine rock scree, but Rincy (1953) recorded ihcm 
from scrub habitat with no scree in Fiordland. It is possible 
that in the past their ecological range was greater, as witfi 
takahe (Bcauchamp & Worthy 1988), and that they are now 
restricted to areas ihiatafford somcprotcciion from mammalian 
predators. Thus, the fauna of Eagles' Roost appears to be 
nq)rescntative of that occurring during, or subsequent to, the 
dqxMition of L2 in the Graveyard (i .e. , early Holoccne). The 
subfossil birds of Eagles' Roost probably lived in similar 
conditions to those presently living in the vicinity. 

Suggested habitat prefiereiiccs of some species 

These results enable suggestions to be made regarding the 
habitat preferences for some extinct birds. The upland moa 
and the crested moa dominated amongst flightless birds in a 
nKMUane forest to subalpine shiubland habitat With wanner 
conditions and the development of forest similar to that now 
found in the Oparara valley, the little bush moa made its 
appearance, together with a wider range of passerines (see 
later). Remains of the little bush moa are present at several 
sites in Honeycomb Hill Cave system close to entrances and 
in positions that suggest the remains are probably Holoccne, 
for example, at the base of a mud bank sloping up to the forest 
at 'E' Entrance. Such an entrance certainly cannot have 
persisted for more than a very fewthousand years. Attlwaven 
at 915E 1485N (cave map reference), beneath an entrance 
into which logs have recently fallen, are the remains of 
several of these moa. Often, in sites where deposition is 
considered to be of relatively recent angm, the large bush 
moa is also found (e.g., 'A* Entrance, Deer Drop, entrances 
in Enduro Passage, the aven at 9 15E 1485N, and an unnamed 
cave beside Honeycomb Arch). Other caves in northwest 
Nelson provide evidence for a similar succession of moa 
species with time. Haast examined caves in the Aorcre valley 
and found bones of A. didiformis invariably occurred on the 
surface whereas those of P. elephaniopus were much deeper 
(Buick 1931). Thus A. didiforims uaAD. Hovaezealandiae 
probably preferred wet dense lowhmd forests. Support for 
this contention is that these two moas dominated tlie moa 
fauna in the King Counuy (Millener 1981). 

The heavy footed moa was rare in the alpine shrubland to 
montane forest habitat of the Otiran and absent later when 
lowland forest developed. However, east of the main ranges 
during tlie Holoccne, this was one of the dominant species, in 
what were probably relatively xeric open forest scrubland 
areas, as the foUowing data (proportioo of moa finna) fiom 
swamps in Otago and CantertMsy (Fig. 1) show: tfamiltons 
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46%, Albury Park 36%, Enfield 17%,Glcnmark 16%,Kapua 
1 1%, Pyramid Valley 10% (data compiled by A. Anderson 
pers. comm. 1987). It is praibable that Ais moa primarily 
preferred open, dry habitats thus explaining its rarity in 
western disu'icts of the South Island. 

The crested moa formed a very significant proportion of 
the Otiran Sauna in the Opanua valley . A search of inaterial in 
New Zealand collections has revealed fbrther examples of 
this species. What had previously been identified as 
Euryapteryx gravis from a cave on Mt Owen (Bell & Bell 
1971), and further material collected fiom Mt Owen in 
January 1987, are of this species. Two femora of this species, 
now in the Canterbury Museum, were found in Kennedy 
Basin near the confluence of the Inangahua River with the 
Buller River. In Southland Museum there are crania of this 
species collected firom coastal dunes near Invercargill. This 
distribution, collated with the Honeycomb Hill Cave data, 
suggests that a cold or alpine climate combined with a habitat 
of rdatively t^en areas was preferred by this qiecies. 

The greater proportion of juveniles among remains of the 
upland moa than in those of the crested moa can be explained 
by two factors. Juveniles of other moas are not uncommon in 
dq)osits elsewhere, but are more abundant in caves than in 
swamps. The proportion of juveniles of the crested moa is 
more similar to that usually observed in other moa species. 
Perhaps young upland moa spent a greater proportion of their 
time in the vicinity of the cave than did adults. If this was 
indeed an upland species, perhaps adults fed in the subalpine 
scrub and grasslands while juvenile and subadult birds were 
forced into the forest zone by snow earlier in the winter. This 
would increase the chance of juvenile birds being trapped. 

Haast's eagle appears to have been common in the rela- 
tively open subalpine shrubland or marginal montane forest 
zone. Additional bones of this species from His and Hers 
Cave (Worthy 1987a) were associated with moa bones dated 
15 900 ± 240 years B.P. and therefore were also deposited 
during glacial conditions. Eagles were rare in North Island 
(Millener 1981), occurring only in a swamp at Te Aute 
(possiUy an Otiran site; Worthy 1987b) and again at 
Hunterville in Pleistocene dqx)sits. Their remains are most 
abundant cast of the main ranges in South Island in Holoccne 
sites (R. Holdaway pers. comm. 1987). They probably 
preferred the open grassland or scrubland areas and not the 
dense lowland forests predominating in the North Island or 
western South Island during the Holocene. 

Other extinct birds that may have preferred this relatively 
open forest/scrubland habitat are Finsch's duck and the giant 
gniifonn A/tfornJir. Both are rare in Hotocene King Country 
deposits which were laid down under dense lowland podocarp 
forests (Millener 1 98 1 ). For example, in L2 of F 1 Cave, dated 
1680 ± 50 years B.P. (Worthy 1984a). Aptornis bones 
accounted for 12% and Ewyanas bones 2.4% of the total 
minimum numbo' of individuals represented. Both species 
wereabsentirom the large fauna recovered from The Canyon, 
dated 2350 ± 90 years B.P. (Worthy 1987b). In the older but 
undated L8 in Fl Cave, both of these qtedeswererather more 
abundant than in L2, but are still not as common as in sites at 
Maitinborough (southeastern N(»rth Island) or Waikturi in 
North Canterbury (Worthy 1988), both of which arc regions 
of relatively low rainfall and hence unlikely to have supported 
dense podocaip^xroadleaf forests such as were in the King 
Country. 

Among extant birds, takahe were present only in dqiosits 
formed when montaneforestto subalpineacnibpredoaunaied. 
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thus apparently supporting the argument of Mills ct al. (1984) 
that takahe were Pleistocene relicts of alpine grasslands. 
However, the presence of only four individuals, representing 
< 2% of the fauna, suggests that takahe were rare in the area 
during the Otiran even though the cave was at the margin of 
the alpine zone. Such rarity leads to the contention of Millener 
(1981, p. 595) and Beauchamp & Worthy (1988) that tak^ 
were, and are, primarily adapted to the lowland environment 
Their relative rarity in the Graveyard deposits cannot be 
explained as a consequence of their bone size, because birds 
with both larger and smaller bones were considerably more 
numerous. Elsewhere in the cave, takahe bmes are very rare, 
with the only records (all undated) being from the avcn 
(located at the cave map grid reference 915E 1485N), on the 
rockfall inside 'T' Entrance and at Aven 12. 

The record of banded ml,Rallus philippensis, is the first 
from cave deposits in New Zealand. The coincidence of this 
bird with rcslionad rushes may be significant because al 
present estuarine restionad beds form one of its main habitats. 
Wetland habitats are unlikely on the limestones in which the 
cave is formed but nearby granite and mudslone lithologies 
could have supported wetland habitats, as they still do. 

The kea was an important component of the Otiran-early 
Holocene fauna in the Oparara valley. Although this bird is 
usually perceived as an alpine bird, its frequent use of lowland 
forests has been regularly reported (O'DonncU & Dilks 
1986). This, and the extensive alpine areas in northwest 
Nelson, do not explain why. in historical times, kea was 
restricted to the mountainous areas in the south, and only 
extended its range north to include Nelson after 1870. The 
subfossil data show that the kea remained a major component 
of the fauna after the iransitioa firom subalpine/nioaiane io 
lowland forest conditions. Its restriction in range thereafter is 
unexplained. 

In conuast to the kea, the kakapo now has a very restricted 
distribution, surviving <mly in remote, inaccessible valleys in 

Fiordland, possibly northwest Nelson, and on Stewart Island. 
Subfossil evidence from throughout New Zealand shows that 
this bird was most abundant in lowland podocarp/broadleaf 
forests during the Holocene ^lillcner 1981; Worthy 1984a}. 
Its absence in the Otiran dqxisits of the Graveyard, but 
presence in younger dqx)sits, when forest in the vicinity 
became similar to that of the present day (mixed beech/ 
podocarp), support the contention that lowland forest was its 
preferred habitat. 

Although the Oparara forests now support populations of 
kaka, Nestor meridionalis, and pigeon, Hemiphaga novae- 
seelandiae, these species are very rare in the whole of 
Honeycomb Hill Cave and are absent firom Eagles' Roost or 
the Graveyard. Presumably both species have only been able 
to use the area in the last few thousand years (extensive 
dq)Osits of late Holocene age cmttaininglHrds other than moa 
are unknown in the cave). 



GLACIAL CHRONOLOGY OF NORTHWEST 
NELSON AND ITS VEGETATION HISTORY 

Older Graveyard sediments were laid down over the last few 

thousand years of the Otiran glaciation and therefore span 
several minor glacial advances and retreats (see Mabin 1 983a). 
The changes in composition of the bird fauna after 14 000 
years B.P. coincide with the major climatic amelioration 
which occuned at this time. The palynological data suggest 



that, during the late Otiran, the trecline was about 250-300 m 
above present sea level (it is now about lOCX) m a.s.1. here). 
This contrasts with the conclusions of all previous workers, 
who have suggested that a grassland/shrubland vegetatkm 
dominated the later stages of the Otiran in northern South 
Island (Suggate 1965; Suggate & Moar 1970; Nathan & Moar 
1973; Moar & Suggate 1979; Mabin 198*8, b). However, 
none of tliese studies was for western areas of northw^est 
Nelson.and, because they were mostly concerned with glacial 
chronology, were done near former glaciers where grassland/ 
shrubland would tiave been much more likely to occur. As 
indicated by AfoGlone (1985), in diese former stndies,polleii 
samples were taken from sites of rapid scd iment accumulaiian 
that were likely to have been sparsely vegetated. 

Present evidence suggests that shrublands and grasslands 
were widespread diuing the Otiran on the West Coast of 
South Island, south of Westport (McGlone 1985). No 
information is available for northwest Nelson although 
Macphail (1 983) has shown that the early Holocene vegetation 
yimsdoaaimtedhyNothofitgusmeHziesiitmi Cyatheasndthii 
later rqilaoed by N.fusca group. McGlone (1985) suggested 
that podocarp forest must have been present but was very 
rare, with the major forest trees, the Nothofagusfusca group 
and N. memiesii, persisting as scattered forest remnants on 
hilly terrain. The persistence of forest remnants has been 
considered necessary to explain the rapidity with which all 
areas of New Zealand gained a podocarp forest at the end of 
the glacial period (McGlone 1985). 

The discovery, in the Graveyard, of pollen indicating the 
presence of a forest at 250 m a.s.l. dominated by Libocedrus, 
Podocarpus, andNothofagus supports the concept of remnant 
forestsexisting throughoutglacialpciiodsinnoithwestNelsoa 
Forest probably extended also to lower altitudes, indk»tii% 
an aliiiudinal range of > 300 m, because sea level was lower 
at this Lime. Such forests could have spread over several, 
comparable high fertility sites to die west and north of the 
Oparara valley. Owing to frost and periodic drought, forests 
may not have been present on formerly extensive ouiwash 
plains in Golden Bay, and the forest remnants may have been 
isolated. This may be the factor that prevented fiaunal range 
e^qnnsion into what probably became accqMable haUtais in 
Nbrtb and South Islands for various species during that time. 
For example, the upland moa could have utilised suitaide 
habitat in the Nwih Island during the Otiran had it been tUt 
to get there. 
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Validation of Pachyornis australisO\\\fer {Aves; Dinornithiformes), 
a medium sized moa from the South island, New Zealand 



T. a WORTHY 

Natiooal Museum of New Zealand 

P.aBax467 

WdUnglaii, New Zeaind 



Abstract On the basis of new material, the crested moa, 
Pachyornis australis, which was synonymised with the heavy 
footed moa, P. elephantopus (Owen), by Cracraft in 1976, is 
le-establisbed as a valid species and ledescribed. From its 
disiributkm data I conclude that this biid primarily occurred 
in subalpine habitats; its remains arc rare because subfossil 
deposits in the subalpine zone are rare and restricted to karst 
regions. Extensive comparisons of bones of P. australis with 
those otP. elephantopus and Euryapteryx geranoides (Owen) 
are given to facilitate their correct identification. With the 
reinstatement of P. australis as a valid species, the number of 
moa laxa recognised in New Zealand is 1 1. 

Keywords Dinornithiformes; Emcidae; Ptuhyornis 
australis; description; comparisons: ecology 

INHRODUCnON 

The giant, extinct moos (Order Dinornithiformes) oi New 

Zealand, were divided into the families Dinomithidae and 
Anomalopterygidac by Archey (1941) and Oliver (1949). 
Although Cracraft (1976) only accepted one family 
(Dinomithidae). recent woricen have favoured retention of 
two fiunilies: Dinomidiidae for tlie Dinomis species and 
Anomalopterygidac for the rest, (e.g., Walker 1978). Casscls 
& Millcncr (198S) retained two families but o^nsposcd 
Emeidaefor Anomak>pterygidae,following Brodkorb (1963). 
I have previously used Anomalopterygidac (Worthy 1988b) 
bothere follow Brodkorb ( 1%3) in using Emeidae to describe 
tlus family. In the classiFicalion proposed by Cracraft (1976), 
ISqiecies were accepted, but more recent revisions (Millener 
1982; Worthy 1988a) redooed this number to 11. Wordiy 
(1988b) accepted only three Dinomis species, reducing D. 
torosus Hution to synonymy with D. siruihoidcs Owen and, 
in anticipation of this p^r. listed P. australis as a distinct 
^ncies, thereby again retidning 1 1 species. Thispaper presents 
the data supporting the resurrectioo oi Pachyornis australis 
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from synonymy with?. eJli^hMfopitf aspraposedbyCkacnft 

(1976). 

In Cracraft's classificttioo the genot PocAjion^hasoae 
t e mpo r ally variable species, P. mappini Archey, in the North 
Island (Worthy 1987a) and one, P. elephantopus, in the South 
Island. However, during the last century of moa research the 
possibility has been raised several times that a Pachyornis 
species smaller than P. elephantopus previously occurred in 
the South Island. 

McKay (1879, p. 131) found many moa bones in acave on 
the Salisbury Tableland, at the head of the Takaka River in 
Nelson. These includeda skull and 20 vertebrae now preserved 
in the National Museum of New Zealand (NMNZ S26). 
Parker (1 893, 1895) described the skull as Mesopteryx sp. B, 
and recognised it as similar to those of the genus Pachyornis. 
Yakiwyn (1979) reported that the ve(td>rae were kxt, but an 
articulated set of 20 vertebrae, each bearing the number 26, 
was found recently during collection reorganisation and is 
almost certainly the missing set 

By 1891, similar sized bones to those expected for 
Mesopteryx had been discovered on Talcaka HilL Par these. 
Button (1 891) erected the species Euryapteryx pygmaeushOi 
did not describe a specimen nor did he elect a holotype. 
S ubscqucntly Hutton (1 892) nominated a pair of tarsometaiaisi 
from Takaka as "types", presumably syntypes. Five years 
later, he transferred the species to Pachyornis (Hutton 1 897). 
This pair of tarsometatarsi remained in the Nelson Museum 
where Archey (1941) examined them and confirmed this 
generic placement, citing the raised inievoondyiar lidgfi as 
characteristic of Pachyornis. Archey also referred the skull 
NMNZ S26 to P. pygmaeus (Hution) because it appeared to 
be from a small Pachyornis. Oliver (1949) rejected this 
suggestion because, in his opimon, the Skull was too large to 
be associated with the tarsometatarsi on which Hution ftxmded 
E. pygmaeus. Moreover, OUver considered the type tarso- 
metatarsi to be more correctly referred to a species of 
Euryapteryx; indeed the types of P. pygmaeus (transferred 
firom the Nelson Museum to the National Museum, now 
NMNZ S24322) have characters of the hypotarsal ridges and 
of the medial trochlea that clearly identify them asEuryapteryx 
(Worthy 1988b). Because the skull (NMNZ S26) was not 
referable to E. pygmaeus but rather had all thecbancierifltic 
features of Pachyornis, Oliver described it as a new qwdes. 
P. australis. 

Oli vcr ( 1 949, p.79) Figured a small sternum in the Southland 
Museum which he referred to P. australis, and (on p. 73) 
figured a pelvis, then in the Ndson Museum, wtitA he 
questioningfy referred to P. australis. Two crania in the 
Southland Museum (A40.31, A42.6) were referred to P. 
australis. No other pQSicnnialdenMais have been letoied 
to this species. 

Oliver ( 1949) also desoibedasnewPocAycwTiismiirfAttB, 
a complete skeleton from duite deposits in Southland; it is 
similar in size to P. australis. No other q)ecimens have been 
nfened to this species. 



Copyrighted material 



256 



New Zealand Journal of Geology and Geophysics. 1989, VoL 32 



There were small Pachyornis individuals present in the 
South Island, but they were very rare. Cracraft (1976), citing 
bufsvaridiiliqrnicraniaof /*. e/ep^/i/opu5(observed because 
lie ap |ww oll l^acoq;)ted without gufnakin idmrifirjiriooggiven 
on specimen labels), synonymised P. austreits with that 
species. He included P. murihiku in the synonymy of P. 
elephaiuopus because, although the specimen was small, the 
lange of variability exhibited by die combined species was 
similar to that of several other moa species. In addition, 
Cracraft considered the specimen to be subadult. He, therefore, 
dismissed the former presence of a species of Pachyornis 
smaller than P. elephaiuopus in die SouUi Island. Recendy 
many bones of a small, stout l^ed moa were found in 
deposits in Honeycomb Hill Cave, Oparara, northwestNclson, 
particularly those in the site called the "Graveyard"; the leg 
bones show some similarity to thoseof Euryapteryxgeranoides 
(Owen) (sensu Cracraft 1 976) , but were referred toPad^jVWViis 
australis by Worthy ( unpubl. 1987b). 

In this paper I present the evidence on which P. australis 
is re-establisJied, then redescribe the species. A cranium 
d i aco v wed widi associated posicianial elements in the 
Graveyard deposits at Honeycomb Hill Cave is referred to P. 
australis, makiiig possible, for the first lime, a description of 
postcranialdemauscf Ihatqiecies. Imake comparisons with 
P. elephantopus and E. geranoides to facilitate sqnratioa of 
bones of these species. 

E. geranoides (Owen) was erected to accommodate bones 
larger than those of £. cwrtus (Owen). Later £. gravis (Owen) 
was founded for die Euryapteryx bones larger than E. 
geranoides, which were the most abundant in the South 
Island. Cracraft (1976) synonymised E. gravis with £. 
geranoides, so in the present study E. geranoides includes 
those individuals previously referred to as £. gravis. South 
Island specimens of Euryapteryx have great siae variadon, 
explained by Cracraft in termsof sexual dimorphism; however, 
because differoitsize ranges havedisjunctdistributions,such 
■DexptamoionisiiotentirdysalisfiKtory.ChKnft 
should be treated with caution until the genus is examined as 
a whole to determine the extent and causes of variability. In 
this study, bones of the large form of Euryapteryx (formerly 
£.£ram)andboaesei^iisively from Pyramid Valley (where 
01^ dielafger fomi b foim^havebeen iisedfor compamtive 
puqxMes. 



MATERIAL 

Specimens of P. australis used in this study include: National 
Museum of New Zealand (NMNZ) S (labelled DM) 26— 
holotype; 22672-3. 23028, 23031, 23056, 23087, 23484, 
23486-7, 23726-32, 23735, 23741, 23800-1, 23810-18. 
23844— Honeycomb HiU Cave; 23345, 23568— Mt Owen; 
25512— Takaka Hill. 

The following specimens of P. elephantopus were used in 
comparisons: Auckland Institute and Museum (AIM) MOA 
1 0. 1 2 (ex CM Av 83 1 5), Canterbury Museum (CM) Av 8348, 
8381-3, 8385-9, 8716, 15029, 19279, 20586— Pyramid 
Valley: NMNZS22720.23798-9.23821—Hoaeycamb HiU 
Cave. 

ThefoDowingspedmensof £. geranoidestSlbamPyTatttid 
Valley excavations were studied: CM Av 8373,8375, 8378, 
8472, 13773, 15034-5. 18931, 20115, 20586; NMNZ S471 
(ex CM Av 8370) wbicb is indivlditai XXD (Allan et aL 
1941). 



RESULTS 

Evidence from Honeycomb Hill Cave 

Extensive investigaticNis of deposits in the Gcaveyaid, 
Honeycomb Hill Cave (Worthy 1987b). lesuHed in die 
following observations wldi ngjii tobones of a sbuD, sioat 

legged moa. 

1. Articulated toes firom this small, stoat legged moiliad die 

|4ialangeal formula 3:3:4:5, consistent with diat of 
Pachyornis but not£. geranoides (3:3:4:4). 

2. Associated bones of one individual of this snudl. stout 

legged moa were discovered. These included the cranium, 
pelvis, femora, tibiotarsi, and tarsometatarsi (all NMNZ 
S23800). 

3. Noprenuaillae,mandibles,crania,steina,orpelvesfound 
in the deposit were characteristic of Euryapteryx, but 
many had the features characteristicofasmall/>ac^rnu. 

4. Several bones in the same deposit were identical to those 
of P. elephantopus yet differed in several respects firom 
those of the small, stout legged moa. The leg bones of the 
small, stout legged moa were examined in detail and 
characters which differendate them fiom those of the 
similar sized £. geranoides, and the larger P. elephantopus, 
were identified. The cranium associated with bones of die 
individualOdxive)iqipearedsimibrlodntofP.aiutrafis: 

Comparison of the holotype mmfai of P. atulmBi 

with the Honeycomb Hill Cave specimen 

The holotype of P. australis NMNZ S26 was described in 
detail byOIiver(1949).The skull is vaulted; ithasmoderatdy 

wide temporal fossae, temporal and lambdoidal ridges 
separated by a wide, fbt space, posttcmporal fossae separated 
fiom lenqiofal fossae by prominent inferior tempwal ridges; 
zygomatic processes sharply ridged, pointed; premaxilla sharp 
pointed, length to jugal bar 75% of cranial length between the 
preorbital and opisthotic processes, culmen nearly straight; 
antrum inflated; quatkatojugals curved nuukedly outward; 
mandible not mudi downcurved, stoat, pointed; p reo iW i a l 
plate curved so that the anterior portion diverges little from 
the rosU'um, lacrymal does not fuse with preorbital plate to 
enclose foramen. These characters of the holotype are 
consistent widi dieothcr species of die genusPacAyorni^. The 
onedifTercncecited by Oliver (1949) was diatdiebasipterygdd 
processes in the holotype had a narrow base but were usually 
wide in other members of the genus. The holotype is 
specificfdiy distinct in dnt die width between die zygomatic 
processes is markedly less than the postorbital width, the 
cranium is evenly rounded, and the temporal fossae meet 
abruptly with the dorsal surface of the cranium. It is also 
considerably smaller dian is nonmd for P. e/<yiAaMO|pHs. An 
addidonal trait is die presence of many pits over die dorsal 
surface of the cranium, first noticed by Parker (1893), and 
evidence for the former presence of large feathers. Therefore 
I suggest the vernacular name "crested moa" for this species. 

The crania NMNZ S23800 has all cranial characters listed 
above. Although the preorbital plate is missing, its align- 
ment is discernible and apparently the same. The basipterygoid 
I»ocesses have a wide base. The widths baween die orbits, 
across diepostortMtal processes, between the tempoial fossae, 
and between the zygomatic processes arc proportionally the 
same in both the holotype and NMNZ S23800 (Fig. 1 and 2). 
Therefore I do not hesitate to refer NMNZ S23800 lo 
P. alkalis. 
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Fig. 1 Skulls in dorsal view. 
A P. elephantopus AIM MOA 
10.12. B /'.au5/ra//iNMNZS26, 
labelled DM 26. C P. australis 
NMNZ S23800 D E. geranoides 
NMNZ S471. Scale bar equals 
100 nun. 




Oescription of postcranial bones P. australis 

Because the cranium NMNZ S23800 was associated with 
other bones of apparently a single skeleton it is now possible 
to describe postcranial elements oiP. australis. The pelvis is 
smaller than that of P. elephantopus mA differs in dorsal view 
— the lateral parts of the escutcheon tend to have parallel 
sides and the escutcheon is widest midway along its length 
with each side having squared ends (Fig. 3A, B). The femur 
has a short, straight shaft with the popliteal fossa distal 
10 the eclocondylar fossa, a lateral condyle which diverges 
from the shaft, and the unique feature of a large fossa (1 cm') 
enclosing a foramen on the pretrochanterian surface (Fig. 4 A, 
D). The tibiotarsus has a medially flared distal end like other 
Pachyornis spp. but is distinctive in having a relatively 
long fibular crest (mean length equals 25% of total length, 



20% in P. elephantopus) with the medulloarterial foramen 
adjacent to the distal end (Fig. 5A, D). The tarsometatarsus, 
as in all members of the genus, has an abrupt pronouncement 
of the middle u-ochlea but is smaller with the shaft and distal 
widths relatively narrower than in P. elephantopus (Table 1, 
Fig. 6). 



Comparison of P. australis, P. elephantopus, and 
E. geranoides 

Bones oiP. australis, P. elephantopus, and E. geranoides are 
found in South Island subfossil deposits, and because the size 
range of bones for all three species overlaps and they are 
similarly robust, I list here distinguishing characters to aid in 
their identification. 
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Fig.2 Skulls in ventral (A-D) and right laicral(E-H) views. A,V P. elephanlopus MM MOA\0.\2. B,E P.eutstralisNMKZS26. 
C, G NMNZ S23800. D, H E. geranoides NMNZ S471 . Ir, = lamhdoidal ridge; op, opislhoiic process; if, temporal fossa; tr, temporal 
ridge; zp, zygomatic process. Scale bar equals 100 mm. 



Fig. 3 (opposite) Pelves in right lateral (A, D, E) and dorsal (B. C, F) views. A, B P. australisNMNZ S23800; C, D P. elepkantopus 

CM Av 20586; E, F £. geranoides NMNZ S47 1 . Scale bar equals 200 mm. 
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Skull In P. australis the postorbital width is much greater 
than that between the zygomatic processes, whereas in P. 
elephantopus it is only a little greater, in P. australis the skull 
anterior of the postorbitals narrows sharply and the premaxilla 
is shorter than the cranium, but in P. elephantopus the 
preorbital region is more elongate and the premaxilla length 
nearly equals diat between the preoibittd and opisdiolic 
process, resulting in an overall more elongate skull; crania of 
P. australis are even ly rounded dorsally , but in P. elephantopus 
are flattened and irregular; in P. australis the temporal fossae 
meet steeply and abnq)tly, with the dorsal surfiace of the 
cranium resulting in a relatively wide space between the 
temporal ridges, and in P. elephantopus they extend further 
dorsally over the cranium; the space between the temporal 
and bunbdoidal ridges is always wide (c. 10 mm) in P. 
australis, but varies from absent to about 10 mm, usually 
2-5 mm, in P. elephantopus; the zygomatic process is stouter 
and die posttemporal fossae are relatively wider in P. 
elephantopus", the premaxillae and mandibles of P. australis 
are usually smaller than those of P. elephantopus. 

Skulls of Euryapteryx differ obviously from those of 
Pachyornis (Fig. 1 and 2) in the great rounding of the 
premaxilla and mandible. Other notable differences are: 
(1) the temporal fossae arc much narrower; (2) the temporal 
ridges are nearly parallel or only slightly convergeniposicriorly 
(in Pachyornis they converge markedly); (3) die postorbitd 
width equals the widdi between the zygomatic processes (in 
P. australis it greatly exceeds it); and (4) die olfactacy 
chamber in Euryapteryx is considerably snudler than it is in 
Pachyornis. 

Pelvis Aldiough die pelvis is broad and massive in P. 
australis, P. elephantopus, and E. geranoides, there remain 
several differences between ihem (Fig. 3); in Pachyornis llic 
ventral surface of the synsacrum is straight in lateral aspect, 
but arches dorsally posterior of the acetabular r^on in E. 
geranoides; in Pachyornis the anterior venu^al synsacral 
surface is usually flat with two, low tubercles per fused 
vertebra, and in E. geranoides there arc two, prominent 
tubercles per vertebra which generally fuse to form one large 
process on the most anterior sacral vertebra; in lateral view 
the zygomatic processes of the first sacral vertebra of 
Pachyorms are obscured by the ilia but in £. geranoides are 
visftle beneath their lower margins; the dorsal profile of the 
escutcheon is flaiandcontinuesnatantcrior of the acetabulum 
in Pachyornis but forms part of a continuous curve in E. 
geranoides; in dorsal view the lateral parts of the escutcheon 
<^P. australis tend to have parallel sides and the escutcheon 
is widest midway along its length, with each side having 
squared ends, while in P. elephantopus the escutcheon tends 
to be rounded and is widest midway along its length, widi 
each side terminating in a point In contiast, in £. gawioides 
the escutcheon is widest anteriorly, with each sideconveiging 
posteriorly to a poinL 



Table 1 Relative shaft and distal widths for tarsometatarsi of 
P. austraSs, P. elephantopus, and E. geranoides. 





Shafkirid 


ihM«len|lh 




ifidlhaf 




Species 


t 


fi 


SD 


X 


n 


SD 


P australis 


22.89 


11 


0.018 


52.25 


11 


0.021 


P eUpiiantopus 


26.04 


12 


0.018 


59.40 


12 


0.018 


E. geranoides 


23.41 


9 


0.022 


51.88 


9 


0.023 



Sternum The sternum of Pachyornis is very distinctive, 
widi widely diverging lateral processes, soch that total width 

exceeds total length, whereas in Euryapteryx the lateral 
processes arc long and diverge only slightly, so that total 
length markedly exceeds width; coracoidal articular grooves 
aredeepin/'ocAyornu, very shallow or absentin£u/>aipier>x. 

Femur Femora (Fig. 4) of the larger Pachyornis and of E. 
geranoides share several characteristics: both have short, 
straight, robust shafts; die pqiliteal fossa is more distal than 
the ectocondylar fossa, the lateral condyle diveiges widely 
from the long axis of the shaft, and all species have a weO- 
developed scar on the pretrochanterian surface forthe insertion 
of die iliacus iniemus muscle. They differ as fcUows: the 
medial condyle of P. austndis and E. geranoides, in donal 
view, is smaller than and parallel to the lateral condyle, but in 
P. elephantopus, the smaller medial condyle converges toward 
the antericH- end of die lateral condyle; in P. australis and E. 
geranoides the ixoxiroal articular suiiEace is markedly coo- 
stricted between die femoral ball and the trochanter, but in P. 
elephantopus it is not; in P. australis, uniquely among emeid 
moas, there is on the pretrochanterian surface a wide (1 cm) 
fossa enclosing a foramen (possibly a pneumatic foramen) 
close to the proximal surface. E. geranoides and P. 
elephantopus only rarely have in this position a small 
(1-3 mm diam.) foramen.E. geranoides can also be separated 
from P. elephantopus on die form of Uie trochantal r^ge oa 
the ventral surface which in the latter IsotMMiniioiis to the ball 
but in die former Olds abruptly SO that the neck has an even 
curve to it. 

Tibiotarsus All three qiecies have robust tibiotarsi with 
large proximal and distal ends (Fig. S). The posterior distal 
surface may be flat or deeply concave between die condyles. 

The most distinctive feature diffeientiating diese species 
is the rdative length of the flboiar crest: P. elephemu^nis 
mean (S) = 20.75% total length (TL), sample size (n) = 11, 
standard deviation (SD) = 0.023; P. australis x= 15. 29% TL, 
11= 14. SD = 0.012; £. geranoides i= 26.18% TL,«» 10, SD 
= 0.025. Related to the length of the fibular ciest is the 
position of the nutrient foramen whfeh in P. elephantopus is 
always markedly distal to the end of the fibular crest, in P. 
australis it is most often adjacent to the distal end of the 
fibular crest but ooeasionally is just distal to it, and in £. 
geranoides it is occasionally adjacent to, but usually is 
proximal to, the distal end of the fibular ridge. InP. australis 
and P. elephantopus the distal endof the tibiotarsus is widely 
flared medially (measured by expressing shaft width as a 
proportion of the height of the medial condyle). This value in 
P. australis is 91.58%, n = 14. SD = 0.066; P. elephantopus 
is 88.00%. n= 12, SD = 0.112; E. geranoides is 98.92%. 
If ■ 10, SD = 0.099: die height of die medial condyle in £. 
jeroncidlM dius is equal to or of ten less than die shiA width. 

Tarsometatarsi All three species are characterised by 
relatively short, very robust tarsometatarsi (Fig. 6). The 
height of die lateral hypotarsal ridge is greater than the medial 
in P. australis but is only variably so in P. elephantopus and 
E. geranoides. In Pachyornis the most medial point of the 
endotrochlea is level with the anterior extreme of the 
intertrochlear ^lace. whereas in Euryapteryx this point of 
change in curvature is distal lo die maximum depdi of the 
intertrochlear space. The middle trochlea in Pachyornis rises 
abrupdy from the long axis of die shaft, more genUy in 
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Fig. 4 Left femora viewed dorsally (upper) while at rest on femoral ball, trochanter and external condyle, and ventrally (lower) 
A,D /». aas/ro/is NMNZ S2380O. B,E P.elephantopus MUMOMQAl. C,F £.^erartOtticjNMNZS471.ef.ectoconaylar fossa; 
f, fossa on pretrochanterian surface; i, scar for iliacas intemus; Ic, lateral condyle; mc, medial condyle; pf, popliteal fossa. Scale bar equals 
100 mm. 
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Fig. 5 Right tibiotarsi in anterior (upper), and posterior (lower) views. A, D P. australis NMNZ S2380O. B, E P. elephaniopus 
CM Av 8381 . C, F E. geranoides NMNZ S471 . fc, fibular crest; nf, nutrient foramen. Scale bar equals 200 nun. 
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Fig. 6 Right tarsometatarsi (at rest) in anterior view (upper) and posterior view (lower). A, D P. australis (NMNZ S23800. 
B, E P. elephantopus CM Av 8381. C, F E. geranoides NMNZ S471. e, endotrochlea; Ihr, lateral hypotarsal ridge; mhr, medial 
hypotarsal ridge. Scale bar equals 100 mm. 
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Fig. 7 Length/frequency histograms for femora, tibiotani, and 
tarsometatarsi of Pachyornis australis (unmarked) and P. 
elephantopus (marked Pe) from Graveyard deposits, Honeycomb 
Hill Cave, Opaiara, noidiweatNelaon. 



Ewyaptcryx. No consistent diffcrcnccscould be found between 
the three species in the shape of the proximal articular siirfaoe 
but on that of />. elephantopus ibeposterior laieial border was 
often evenly curved toward the medidl hypotarsal ridge while 
being usually distinctly angled in E. geranoides. The ratio of 
shaft and distal widths to length varies (Table 1) being 
significantly greater in P. elephantopus (P <0.01). The 
abruptness of the pronouncement of the middle trochlea from 
the line of the shaft and the point of change in curvature of the 
endolnchlea relative to the intertrochlear space distinguish 
tarsometatarsi ot Pachyornis from Euryt^MeryXt and overall 
size idus the relative shaft width and/or dislal width to length 
sqxnte diose ci P. australis from P. ekphantopus. 

Phalanges P. australis is similar to P. elephantopus in its 
phalangeal formula of 3:3:4:5 and in having the length of die 
unguis in all digits more than twice the width (w s 48% 
length). By contrast E. geranoides has a phalangeal formula 
of 3:3:4:4 and the length of the unguis is less than twice the 
width (w » 57% tength). 

Sfaie range oTF. austrotb 

Bones from the Graveyard depositsof Honeycomb Hill Cave, 
nonhwest Ndson, provide a laige samfde of P. australis for 

Table 2 Length statistics for bones of P. elqthatttopia from 
Pyramid Valley, North Canterbury. 

Mean length (nun) Range (mm) n SD 



Femora 

Tibiolarsi 

Tarsometatarsi 



305.2 
551.9 
224.5 



292-320 
506-612 
206-259 



11 
12 
12 



8.92 
27.63 
1339 



a lengdVCrequency analysis, along with data for P. 
elepheuuopus from die same deposit CPig. 7)- In diis sunple, 

bones of P. australis are generally smaller than those of P. 
elephantopus. Although few, the data for P. elephantopus 
from the Graveyard are rqmesentative <tf Other sites (e,g.. 
Pyramid Valley, Table 2). 

The lengdi qiecimens of P. dtufrofils' from odier sites 
arc within the size range of this species in the Graveyard. The 
size distribution is not bimodal therefore there is no indica- 
tion of sexual size dinusphism sodi as found in Packyomis 
mappini Archey or EuryaiOetyx curtus (Owen) by Worthy 
(1987a). 

Distribution of P. australis 

Bones of P. australis are common in Oliran Gate Pleistocene) 
dqiosits in Honeycomb Hill Cave, Oparara, northwest Nelson. 
Tbc holotype is from Salisbury Tablelands, about 40 km to 
the east I have cdlected additional qiedmens on Mt Owen 
innorthwest Nelson, at about 1600 m aboveaea level (NMNZ 
S23568). and bones also from Ml Owen (NMNZ S23345) 
previously identified as £. gravis (Bell & Bell 1 97 1) are here 
reidentifled as P. australis. A left femur (NMNZ S2SS 12) of 
approximate length 275 mm collected on Takaka Hill by 
F. W. Huffam and previously classified as Dinornis lorosus 
is here reidentified as P. australis. In the Canterbury Museum, 
two femoia (CM Av 28275) from Kennedys Ba^ near the 
junction of the Inangahua and BuUer Rivers, are also of this 
species. 

In Southland Museum several isolated crania, referred to 
P. australis by Oliver (1949), are from dunes at Greenhills 
and Wakapatu beaches, Southland. There are a number of 
other specimens from this region in the Southland Museum 
referable to a small Pachyornis species. A full list follows: 
E73.210 (type P. muriUku . dceleion), A40.44 (sterna from 
"The Narrows swamp"), 85.153 (a lot including a pelvis of a 
small Pachyornis), A40.30 (skull labelled E. crassus from 
Greenhills), A40.31 (dcull labelled P. australis from 
?GreenhiUs), and an unregistered skull from Colac Bay. Of 
these, the skeleton E.73.210, although much smaller than 
normal for P. e/c/)/iart/o/7Uj, exhibits moslof the characteristics 
listed above for that q;)ecies; relatively long premaxilla, 
pronounced preorbital region, temporal fossae qneading 
over cranium and stout zygomatic processes, femur with no 
fossa on the prctrochantcrian surface, and tibiotarsus with a 
relatively short fibular crest, about 23% length. In addition it 
wmsasubadultindividual at death (bones not entirely ossified)* 
Thus I agree widi Cracraft (1976) who synonymised this 



Table 3 The species of moa and their preaenee (•«■) on adier 
main island of New Zealand. 



North Island South Island 



Anomalopieryx didiformis 


+ 


+ 


Megalaplcryx didirws 




+ 


Emeus crassus 




+ 


Pachyornis mappini 


+ 




P. australis 






P. elephantopus 




+ 


Euryapleryx curtus 


+ 




E. geranoides 


+ 


+ 


Dinornis sirutkoides 


+ 




D. ■^Mfffrw^ff'^fff 


+ 




D.giganteus 


+ 


+ 


Total 


7 


9 
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speoBi with P. elephantopus. In E73210 the area between 
the opisdiotic and die zygomatic processes is abnonnally 

close together on the right side. The cranium from Colac Bay 
is inflated between the orbits, has stout zygomatic processes, 
has a relatively long premaxilla, and the width between the 
postorbitaland zygomatic processes isabouteqqaL Theseaie 
characteristics of P. elephantopus, and tterefbfe I also refer 
this specimen to that . species. It isslightiy bigger thanE73.210 
(postorbital width 88 mm as opposed to 82 mm, and the width 
between temporal fossae 4S mm as opposed to 44 mm). 
However, in the two skulls A40.30 and A40.3 1 , the postorbital 
width is markedly greater than the zygomatic width, each 
have a short premaxilla with a short prcorbital region, and, in 
both, the cranium is evenly domed, characteristics of P. 
australis. In A40.31 tfie temporal tossac extend backward to 
reach the lambdoidal, a feature occasionally present in skulls 
of P. elephantopus but hitherto unknown in P. australis. 
Despite this, I agree with Oliver in referring these two crania 
to/*, australis. Because both/*. elephantopussoidP. australis 
were present in Southland, the above mentioned sternum, 
unassociatcd as it is with any other bones, can only be referred 
to a small Pachyornis sp.; at the time of examination of the 
pdvis I was not able to distinguish pelves of these two 
species. Thus, nopostcranial elements referable to P. australis 
are known from this region. In the National Museum a 
collection of bones from dunes at Greenhills, Southland, 
NMNZ S4SS, donated as a single skeleton of £. crassus, is 
comprised of the skull and sternum of a Euryapteryx, pelvis 
and vertebrae of Emeus, and the leg bones of an individual P. 
elephantopus of similar size to the type of P. murihiku. 

The only other material ascribed to P. australis in the 
National Museum is the skull NMNZ S56A (maiked DM 
S6A) of unknown locality but associated withoihcrcrairia of 
Euryapteryx and P. elephantopus and therefore pTObeUy 
from eastern South Island. 

Thus, the species is mainly known from nonhwestNelsoa. 
but was also i»esent in Southland. 

Ecological preference of P. australis 

A paleocnvironmenud reconstruction made as a result of the 
stwly of the Grave^ird deposits in Honeycomb Hill cave 
(Worthy 1987b; Worthy & Mildcnhall 1989, this issue) 
suggests that during the Otira glaciation, when bones of P. 
ausO'eiis were bebg deposited, the cave was situMed in 
montttie forests near the subalpine scrub zone, with 
considerable open areas nearby. Trees included species of 
Liboccdrus. Nolhofagus, and rare Dacrydium. Tree ferns 
were abundant and shrub species included Pittosporum, 
Griselinia, and Melicytus. The neaiby subalpine scrubland 
contained abundant Coprosma species and members of the 
Compositae. Bones of P. australis found on Mt Owen must 
have been deposited during the Holocene and therefore in 
subalpine conditions because the collection sites are believed 
to have been ice covered daring the last glacial. I suggest diat 
the species was primarily an inhabitant of the subalpine 
environment; if correct, this explains its rarity in collections 
since there are few subfossil sites in subalpine locatiaiis. 



CONCLUSION 

The crested moa, P. australis, was apparently an upland or 
subalpine species which cohabited such areas with the upland 
moa, Megab^teryx duUiua (Owen), whidi is more well 



known because of large bone dqxisits from Takahe valley, 
Ronllsnd, and several mummified qiedmens. It is the most 

common species in othcrsubalpinc cave sites (Worthy 1988a). 
The description of postcranial elements of P. australis will 
enable it to be recognised from further deposits. 

The validity of P. australis means that 11 species of moa 
are now accepted (Table 3) based on the sdieme of Cracraft 
(1976) with modifications (Millcncr 1982; Worthy 1988a,b). 
Of these species, seven occurred in the North Island and nine 
in the South Island. This disparity in distributioo may be 
explicable in terms of the broad ecological requirements of 
each species and the type of available habitat. Species found 
on both islands are not discussed as each presumably occupied 
similar niches on each island. Among those restricted to only 
one island was £i070pter7ceiirtttf which was most common 
in North Island coastal areas during the Holocene (Millener 
1981), and common in a site of Otiran Glacial age in the 
Hawtes Bay (Worthy 1987a). From this distribution and the 
associated avifaunas (Millener 1981) I infer that it preferred 
more opoi, dnef forest or scrub areas. In the Soudi bland. 
Emeus crassus was restricted to the drier eastern areas during 
the Holocene, was dominant in the Southland dunes (unpubL 
data), and was absem fiom areasof lowbrndlaoadleaf podocarp 
forest (unpubl. data) and therefore may have been tlw 
ecological equivalent of £. curtus. P. mappini and P. 
elephantopus differ principally in size, are probably North 
and South Island equivalents, and were apparently lowland 
species. In die South Island, bones of P. eUf^rttopus and E. 
geranoides arc usually found together. Bones of both these 
species have been found with those oiP. australis in deposits 
ojf Otiran Glacial age in Honeycomb Hill Cave, but are 
comparatively rare; diereforeitseems that P. OMifrato replaced 
its larger congener in montane or subalpine halMtats. This 
habitat was shared with Af. didinus. Therefore the greater 
species diversity in the South Island reflects the greater 
ecotogical diversity (ie.,the additional presence of signi- 
ficant areas of montane and subalpine habitats). 

The distinction of leg bones of ^. elephantopus from those 
of E. geranoides in mixed collections, using characters 
identified in this study, will enable a reanalysis of material 
from swamp dqiosits. Previously, measurements were often 
the main criteria for separating these species and these are 
unreliable. Perusal of various collections has revealed many 
errors in identification since bones of both species dMue a 
similar size raoge. It is interestihg that all die largest, more 
robust bones from Hamilton and Herbert, two swamp sites in 
Oiago, arc referable to E. geranoides, because P. elephantopus 
is usually considered to be the heavyweight among moas. 
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Carbonate deposition and Ross Sea ice advance, Fryxell basin, 
Taylor Valley, Antarctica 



M. J. F. LAWRENCE 

Geology Department 
University of Canterbury 
Chriatchmch. New Zealand 

C.H. HENDY 

CbenisUy Depadnent 
Univeni^ of WaQcaio 
Private Bag 

Hamilton, New Zealand 

Abstract Mechanisms of carbonate deposition in Lake 
Fryxell. Taylor Valley. Antarctica (75° 35'S, 163* 35TQ have 
been investigated. The lake lies within an area once covered 
by Ross Sea 1 ice (c. 20 000 years ago) and its pHoglacial lake. 
Lake sediments consist of fiveunits.unit Abeing the lowermost 
deposit cored and unit £ the uf^jermost Three phases of 
cariionalBdqxKitianaieevidentindiese sediments and lesolt 
finimdinuKechanges associated with ice advances andretreat. 

(1) About 20 000 years ago, a calcareous mud (unit B) was 
deposited in a deep proglacial Lake Washburn. The 
carbonate is of biogenic (xigin. and mixed calcite/ 
aragonile mineralogy. Aragonite is the dominant phase. 

(2) AbcMit 10 000 years ago the ice had retreated beyond the 
bastnmatginsandthelaigevohime of waterifaen covered 
areas once onder ice. This spreading of lake waters 
increased the ablation surface, resulting in evaporative 
concentration of lake waters, and a reduction in lake 
levels. Brine concentratim caused the precipitation of 
the aragonite unit D. values indicate that biogenic 
processes continued to operate but were overshadowed 
by inorganic cartMoalB dqx)sition. 

(3) FoUowiqgtheoomideiBretreatoftheRossSeaice.a4)ine 
glaciers then readvanced. Meltwaiers therefhxn flowed 
into the lake basin refilling the lake. Evaporated brines 
then rediffused up into the water column resulting in the 
presentchemical stratification. Modificationof the water 
column in the upper euphotic zone, mainly by 
pTiotosynthetic algae, causes the precipitation of calcite 
which falls as a pelagic rain to the lake bed. Where the 
lake bed is within the euphotx; zone, stiomatolitic 
deposiiioo ooctm. 

In addition to the three deposllional mechanisms, there 
may be diagenetic allantioa of die carbonates in units B 
andD. 

Iteywords Antarctica; Ross Sea; ice shelves; calcite; 
aragonile; evaporites; stromatolites: stratiflcation; 
precipitation; evifxmte deposits ' 
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INTRODUCTION 

The first major study of glacial deposits in the Dry Valleys 
was by P6 w^ (1960). Subsequent work, particularly by Denton 
et al. (1971). Hendy et aL (1979). and Stuiver et aL (1981) 
have further elucidated the glacial history of the area. More 
recently Denton and coworkers have been woiking on a 
complex glacial stratigraphy in the Marshall Valley. Both 
Marshall and Taylor Valley sequences consist of tills and 
associated glaciolacustrine deposits. Within the 
gladolacustrine sediments, many carbonate, gypsum and 
ewm halite lake-bed deposits occur, in places associated with 
algal material. The lacustrine carbonates and algal material 
are particularly useful as datable dqxxitsCorobtainiiigalMOlulB 
chronology of glacial sequences. 

Until now, the mechanism of deposition of the carbonates 
has not been investigated. For this study. Lake Fiyxell was 
chosen because: (1) it Ues widiin the drainage basin ctf the 
LowerTaylor Valley (75° 35'S. 163°35'E;Fig. 1). which was 
filled by the Ross Sea 1 ice advance of c. 20 (XX) years ago, and 
(2) preliminary investigation of Lake Fryxell indicated the 
presence of QiCO, covering the lake bottom, and deqier 
widiin laiee sediments. This stiidy deiennines how caiboaaie 
is presently deposited in Lake Fryxell and how itfdates to 
past carbonate deiwsitianal phases. 

ROSS SEA 1 ADVANCE IN THE LOWER 

TAYLOR VALLEY 

The Ross Sea 1 drift covers most of the floor of the Lower 
Taylor Valley and extends upvalley as far as the present 
Canada Glacicr(Siuvicretal.l981). The ice advance dammed 
the lower end of the valley forming a large jHOglacial lake, 
"GlatM Lake Washbum" (P6w6 I960). Algal material 
deposited in the lake during the maximum stand of the 
advance ranges in age from 21 200 to 17 000 years BP. 
(Stuvieretal. 1981). Following this resulting high lake-level, 
Stuvier et aL infened a relatively rapid lake-level drop after 
17 000 years BJP. (Fig. 2). Ice recession and ndnor advances 
caused fiuctuating lake levels untU c. 12000-9200 years BP. 
(Fig. 2) (Stuvier ct al. 1981). The latter date probably marks 
the last occupation of the valley by the Ross Sea Ice Sheet 
(Lawrence 1982) which began a period of aridity. More 
recently, alpine glaciers have readvanced across Ross Sea 1 
deposits to their present positioiis. 



ANALYTICAL METHODS (fiom Uwrence 1982) 

Sediments 

Sediment samples consisted of a number of sediment cores 
covering most of the lake area. Carbonate samples were 
powdered in a ringmill for 3-4 s after air drying. Carbonate 
mineral proportions were determined by semiquantitative X- 
diflinctian tisiiigaPhillipsPW 113QmX-niy genecMor 
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Fi|.l Ti^Valky.ihowing Lake FiyxeD in Rbdon to die Ron SmI drift. 
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'*C-age (kIO' years BP) 



Fig. 2 Lakc-lcvcl curve for the lower Taylor Valley. The open 
circle indicates the date for unit D, tliis study (from Siiiiver et al. 
1981; Uwrence &. Hendy 1985) Lf. Lake Fiyxcll; LB. Lake 
Bamey, TE, Basin divide near Explorers Cove. 



widlgoniometer. Instrumcntscoings were standardised usual I y 
at about 30-36 kV and 16 mA. using a standanl powdered 
quaru(<4.50) (d=4.26A)toa8tandaidiMlcliei^L Samples 

for scanning electron microscopc(S.E.M.)study were initially 
coated in 5()0A gold/platinum using a Polaron £5000 diode 
sputter coatcr and then examined under a JEOL-JSM 35 
S.E.M. For trace and major element analyses, known weights 
of each sample were dissolved in c. 10% (VAO analytical 
grade HC 1 . Once all visible reaction had ceased, the solutions 
were filtered through prcweighed Type Ha 0.4S millqxm 
filter papers and Aen made up to known volone ready for 
analysis. These solutions were analysed for Ca,Mg» Sr. Zn, 
and Mn; Ca, Mg, Zn, and Mn analyses were by atomic 
absorption spectroscopy using an Instrument Laboratory 
AA/AE spcctrq}hoiometBr 3S7 aii/acetylene flame. Sr was 
analysed by flame emisskm oang a Varian Tecbtron model 
1000 AAS nitrous oxidc/acclylcnc flame. Stable carbon and 
oxygen analyses were performed using the technique of 
McCrea (1950). Isotope ratios were deterauned using a 
Miciomass 602C double iiilet mass spectiameter. 

\\ aler coiuiDB 

pO, was measured using a Delta Scientific 2010 automatic 
dissolved analyser with attached thennistor probe for 

temperature. A pIiM64 research pH meter with standard 
glass and calomel electrodes was used forpH delenninalioas. 
The inorganic ICO, was measured with aURAS 2Tinfirared 
gas analyser after first acidifying the sample with 0.\M HCl 
in a small CO, stripper, drying the CO, in a -20°C cold trap, 
and then admitting the gas to the infirared gas aaalyKr for 
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measurement. Each CO, sample measurement was bracketed 
by two known standards. Turbidity was measured using a 
modifiedTbrnerlll fluorometer. Water samples for inorganic 
analyses were collected for laborator>' determinations. Aliquots 
of water were taken for 5"C analysis; BsiiOH)^ was added to 
precipitate BaCOj which was analysed as described above. 
Waters for elemental analyses were first filtered through 
Type Ha 0.45 \m millipore filters. These were X-iayed (with 
the above equipment) for the presence of carbonate. Analyses 
of waters were according to American Public Health 
Association [APHA] (1975) by atomic absorption/emission 
(Ca, Mg, Sr. Ba, Fe, Zn, Mn, K) using an IL 357 AA/AE 
spectrophotometer. Chkvidc was dctenninedby argentometric 
titration, and Na by use of an Ed flflme photometer. 



TREATMENT OF WATER COLUMN CARBONATE 

DATA 

Lake Fryxell' s permanent ice cover and chemical sU-atification 
(Hoare ct al. 1965; Torii ci al. 1975; Lawrence & Hcndy 
1985) considerably reduce exchange between CO^ in the lake 
and in the atmosphere. As such, the lake can be treated as a 
closed system, and hence H^CO, can be treated as a nonvolatile 
acid (Stumm & Morgan 1981), that is, 

[HjCO,*] = [CO^q] + [H,CO,] 

Numerical values for tfie equilibrium consomts, K, and 

Kj, at various temperatures are listed in Stumm & Morgan 
(198 1), from which K, and values for the water column are 
graphically interpolated. PresnireeffiBCts were then evaluated. 
Pressure (P) at various dqMhs was evaluated from: 

where p = 1 X 10-' g/kg; g = 9.8 m^"; and * ■ height (m) of 
water column to ihc lop of the ice cover. 

The effect of the pressure on the K- values was determined 
from 



x(P2-?,) 



where K, = unadjusted K,; K' = adjusted K for pressure; 

= -19 cm^/mol for K,, -10.7 cmVmol for G-i et al. 
1969); R « 8.314 X !()• cm Pa K"* mol"'; = atnioq)heric 
pressure (Pascals); 7'^ = pressure at depth of interest (Pascals). 

Finally salinity corrections were made using the equations 
of Larsen & Buswell (1942), namely 



and 



Q5 vr 

Vy/T 



where / = 'A Zcj z} 

where = measured concentration of species i 
z. = ionic charge of species / 
Having corrected the + K, values, the various ionisation 
fractions were calcnhied using the equations of Stumm ft 

Morgan (1981): 

[H,C03*l = SC0,a„ 
tHCO,] = ICO-a. 
lCO,»-l-ICO,o«, 



where 



1 + ^+ ""^"^^ 



[hI [nil 

[h*] . - 




The concentration condition for die validity of diese 

calculations is 

lCOj= [HjCO,*j + IHCOj] + [COj^] 
[H*] was detennined from 
IH*1«10^ 

For solubility profile interpretations, all concentrations of 
Ca^^ and CO,^ were converted to activities using the 
Gflntelberg appnndmation: 



log5= 



(1+ Vo" 



where A = 0.5; / = ionic sucngth; and z = charge of the ion. 
Maximum ionic atnogth in the Lake Fryxell water column 
was/ « 0.2 (Lawrence 1982). These catoilatcd ion activity 
co^BcieaB for Lake Fryxell compared well with published 
values fiar ^ilar ionic strengths calculated using different 
techniques in Whitfield (1975). These values were then 
compared to a similarly treated Ksp (10^ Krauskopf 1979) 
for various depths in the lake, which were then converted to 
equilibrium ion activity products (Bcmer 1980). 



RESULTS 
Water column 

Analytical results are listed in Table 1. There is an overall 

increase in concentration with depth, reflecting the chemical 
stratification of the lake. This stratification is a result of 
chemical diffusion from an evaporative brine into overlying 
Cresh waters which has fonnedadiflusion cell withacatewbued 
age of c. 1000 years (Lawrence 1982; Lawrence ft Ifendy 
1985). Ca deviates from the overall trend as do the transition 
elements. O, is at a maximum at 8-9 m and is negligible below 
11m depdi. Importantly, S^'C amdysea are n^ative at 4-5 m 
depth, possibly due to moss and lichen respiration in the 
streams which supply Lake Fryxell with meltwater. The 6"C 
values of c. 0%o at 8-10 m depth reflect the withdrawal of 
isotopically light carbon from the dissolved inoiganiccarixNi 
pool by algal photosyndiesis. 

Sediments 

The sediment stratigraphy is outlined in detail in Lawrence 
(1982), and Lawrence & Hendy (1985). In this study, the 
three carbonate-bearing units are of primary interest ^ig. 3). 
UnitEconiainsflat,**flake-like"cakuteatdieaediment^vaier 
interfaceand occasionally imer^waedfiiither down theunit 
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UnU D is a varve-like atagonite dcfMdt with a cooqwsitB 
daiBof 10410± 120yearsBP.UidtBisacalcareoittmad 

containing about 20% wt CaCO, of mixed calcitc/aragonite 
(piedoininaniiy aragonite) mineralogy, with a composite date 
for die lower half of 21 000 ± 300 years B.P. Isopach maps 
constructed fnxn the measured thicknesses of the units in 26 
cores covering most of the lake (Lawrence 1982; Lawrence & 
Hcndy 1985) show that unit D thickens towards the present 
shore and unit B thickens towards the centre of the present 
Iflke. 

A summary of chemical and mincralogical analyses is 
given in Table 2. Ca and Mg var>' antipailiciically. The Ca 
versus Mg plot (Fig. 4) shows that unii E calcitcs generally 
plot as low-medium Mg-cakites. The aragonite plots in about 
the same field, probably becanse the aragonite lattice usually 
favours substitution by larger cations such asBa and Sr. There 
appears to be a considerable spread of values for imit B. 
AcGOCdingly a greater Sr content in unit D than in otberonits 
was eiqxcted, but this is not so. Mn analyses are similar for 
units D and E but much higher in imit B . 

For individual cores, 5"C of unit D dcx;rcascs from the top 
to the bottom of the unit, whereas the reverse occurs in unit B. 
Unit E caldies have similar 5'HZ: values to those for the 
present water column at 8-10 m depth. There is an overall 
trend for 5"C to increase with decreasing age (i.e., from unit 
B to E; Fig. 5). 5"0 values overlap for carbonate of units D 
and £ but are more positive in unit B. From individual cores, 
iwiit D cartKHiatfif hgcome isotn|itoilly Iwh'tw up thg pwrfUg 
whereas unit B shows the reverse trend. 

DISCUSSION 

Carbonate (^position in Lake Fryxell can be subdivided into 
two systems: 



(1) the sysiem inrhidint the present Lake FtyxeU waier 
cohmm and nnit E eddies, whidi were dqxMilBd daring 

a period of alpine glacial advance; 

(2) the Systran prevailiQg doriqg the dqxKitioa of wits D 
and B. a period of Ross Sea ice advnoe and nireaL 

Moden carboMrte deposMoaai regfeae 

Lake Fryxell is a saline lake according to the criteria of 
Eagster&Hardie(1978).Tbecoinpositionalhntaiy of Closed 
be^, saline Uces such as Lake Fryxdl consists of two 

phases: (1) the acquisition of solutes, and (2) brine evolution 
and subsequent precipitation of salts (Hardie & Eugster 
1 970) . The lake salts have a number of different sources and 
pathways which ue important in different E>ry Valley areas, 
though salts of marine origin are regionally and quantitatively 
predominant (Keys & Williams 1981). Marine salts may 
comedirectly from sea siHay (House etaL 1966). sea quay 

1981), or possibly relict scawater. Chemical weathering, 
though slow, is a major source of Mg^*, Ca^*, COj*" (Keys & 
Williams 1981), and Sr»* (Jones & Faure 1978); in addition, 
salts diss(^ved Ciom soils also contribute ^eld 197S; Wilson 
1981). Thompson et aL (pea. comm.) hawe shoiwn diat 
mcltwaters from alpine glaciers are mi^ snpplicn of 
dissolved material to Lake Fryxell. 

Lawrence (1982), and Lawrence & Hcndy (1 985) showed 
the diemical stratification of Lake Fryxell to be diffusion 
contralled, thus indicating that the lake has at least once been 
reduced to negligible depth. The resultant brine concentration 
and subsequent diffusion back up the water column f oik)wing 
lefiUingmakedeieraUaMionofaspecificsaltaoareediSicult 

Biological activity also has an effect on thcpredominandy 
inorganic system described above. The pO^daia indicate thai 
Lake Rryxen has an i9per eupbocic (oxygenic) zone and a 



Table 1 Summary of water column analyses for Lake Fryxell. Beg, beginning of summer season; Mid, middle of summer season; End, 
end of summv seaMiL The fOj probe couldnot be lanperly caUfanied, ifaarefim 
iwLCO^valueafof theeadofte«ioowei»obttinedFiydieMMMlyiuuiucc«lcHUtk)n«(I^6)m 

profile. 



Depdi 


Ca»* 
(ppm) 


(ppm) 


(ppm) 


Ba»' 
(ppm) 


Fe»» 
(ppm) 


Mn»* 
(ppm) 


(ppm) 


(ppm) 


(ppm) 


cr 

(ppm) 


ICO, (mmol/1) 
Bet Mid 


5"C 
(%rfDB) 


4jO 


22.5 


5.8 
















61 
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2.5 


9.8 


0.7 


0.08 


2.1 


33 
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S.0 


44.0 


35.0 


2.8 
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0.6 


0.03 


1.1 


58 
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13.6 


-18.25 


6ja 


51.5 


25.0 


3.6 


8.8 


0.9 


0.05 


0.3 


45 


426 


440 


7.5 


12.0 


-1832 


7.0 
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0.04 
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0.2 


0.15 


0.9 
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1813 
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29.6 
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-9M 


IIjO 
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237.5 


15.1 


21.6 


1.6 


0.14 


0.7 


158 


1991 


2470 


49.0 


34.1 


-1036 


12J0 


475 


262.5 


15.5 
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03 


0.10 


1.1 
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2126 


2634 


45.9 


50.0 


■^45 


13.0 


57.5 


280.0 


16.5 


23.7 


0.5 


0.06 


2.1 
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2478 
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-840 


14.0 
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0.3 


0.04 


1.4 
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2579 


3332 


94.9 


59.8 


-5.47 
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k>wa anaerobic zone CLawieoce & Heady 198S). Ocgani^ 
bdow about lOmdqxfa are generally CP^evolvm and flioie 

above are COj fixers. The latter are predominantly algae and 
tend to be concentrated in the lower euphotic zone (Vincent 
1981). The removal and/or Gxatkm of CO, at various levels 
in the water cohmm will govern the resultant pH. Removal of 
CO. firom the inorganic cartxm pool by algal photosynthesis 
will increase the pH and carbonate ion activity; CO, production 
through le^iration and microbial oxidation will cause the 
reverse. 

The iRoducts of photosynthesis are enriched in with 
respect to the original CO, starting material. This is shown in 
Lake FryxcU where S'^C values of c. (WBc occur at 10-9 m 
depth and coincide with maximum productivity. 
Photosynthesis, followed by the settling out of sestoo. will 
result in a greater loss of 'K!! than '^C from the euphotic zone. 
Any CaCO, precipitated under equilibrium conditions will 
contain relatively moie 'K: than oompanedlo the aqneoos 
CO- 

The mass budget for tfie simultaneous removal of aeaton 

and CaCOj is calculated as follows: 

Hie 5'<: of the total carbon (aqueous inoiganic carbon 

tp Kri tt w*4 iHttoff and calpfaBW ftti *¥**n f*) 



IC^TNfT^ 



0) 



where ICO, = [CO,] + [HCO,-] + [CO,*-] 

s mde^tie of ptxxosynthates removed from the 
eiq>hotic aooe. and ■ motn/Bnc of cddam carixnaie 
precipitated from the euphotic zone. The subscripts ZCO,, p 
and c refer to total inorganic aqueous carbon, photosynthates 
andcalciiBn carbonate, respectively. 

Between pH values (tf 7.S and 9 A > 93% of the aqneoos 
inorganic cariwnwfll be in the fonnofbicvbooalB ions, with 



Tabtel (contiiwtd) 
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7.9 


7.8 


6.1 


11.8 


8.6 


A 


8.1 


8.2 


8.1 


6.8 
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73 
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7.7 
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the minor compound being aqueous caibon dioxide at the 
knver pH vdnes and cartMoaie km at the qver pH values. 
Thus, for the puipooes of the mass budlgetcalcaladoas. 

ICO,- [HCO -] 

13 

S C2Q,^,5>X:y,andfi%,aierelaiedihi0Dghifaem8peciive 
isoiopic fractionation with 



CO. 



.s"c 



13 

5C,. 
1977). 

Ftor photosynthesis involving C3 enzyme limitation and 
not inv^ving Binhttion ihnm^ aqneoos OQ|difiiDsioo, 



13 

8 C 



HCO. 



BCC^ 

+ 12(fti$atS«C(IUedBiwft(yNeil 



6"C 



13 

5 C 



-29.S(M 



HCO 
I 

Until carbonate saturation is achieved, = 0, therefore, 
13 13 M 



. etiboa) 



HCO. 



and where M_ <sc ICQ 



AS C< 



>29.S 



ICO^ + Mp 



where A5'Hi: is the change in b^K. of any q)ecies. 

As diecart>on being withdrawn from the aqueous system 
has no means of exchange with the remaining aqueous 
carbon, and is removed progressively, the process becomes 

one of Rayleigh distillation, with the carbon remaining in the 
aqueous inorganic carbon pool becoming progressively 
enriched in 'KT. 

Once saturation with respect to calcite has been exceeded 
and calcite begins to precipitate, M since for every mole 
from a CaCO, saturated solution. 



of CO, removed 



approximately 1 mole of CaCO, will be precipitated. 
Under dine conditiaas eq (1) reduces toe 



13 13 

6 C =6 C 

(taiil eaiboa) HOO* 



and where M. <*: ICQ, 
p * 



- 27.3 



M. 



(3) 



27.3 



IC0j + 2M, 



With continual removal of carbon from the aqueous pool 
by photosynthesis and precipitation of calcite, a process of 
Rayleigh distillation is established, and 



13 

AS C 



= 27.3 In 



^ICO^,^ 



Tco 



2.0 



(*») 



where ICCL^ « the total concentration of aqueous inoigHiic 
cartm at tune t and ICO. = die total conrmmiinn of 

aqueous inoiganic carbon at uie start AS'K^ = thedMngein 
die carbon isotopic ratio of any one species ia pans per 
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mm 

m 

.■•..v>^', 



DEPTH 
Ccm3 

0 E 



11 
13 



UNIT 



40-1 



27 



37 




87 



103 



B 



Calcita flakes 

Medbm to coarse sand and 

alternating layers of macflum 
to coarse sand and 
OTQanic muds 



Laminated sandy aragonite 



Aragonite fragments, 
sand and mud 



Calcareous mud with some 
organic material and some 
layers of fine sand 



Fine sand 



F1g.3 GcncralisediliidgniiiiyorUceRryxeDMdiiiiaititfitQm 
Lawrence 1982). 



This means that continued seston and carbonate removal 
wiU result in a steady increase in 6' % for aU q)ecies, usonUng 
tliat there is no stgitiflcant external replenidrniem. Thus the 

increasingly positive profile up the sedimentary' column may 
be explained in terms of removal of COjfrom the eupholic 
zone water, with the Raylcigh disiillalion model suggesting 
q]|TOximatdy half of the carixm removed fitom the eq)boUc 
zone. 

The solubility product and activity product calculations 
sliow that the eupholic zone waters are supersaturated with 
respect to calcite, but not aragonite (Fig. €). Cakite precipita- 
tion from these waters is thus feasible. X-ray diffractograms 
of the suspended sediments from 8 m depth and below show 
the presence of calcite, and S^K measurements of the ZCO, 
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in the water column (Table 1) show a marked enrichment in 
"C between 8 and 9 m depth with 5"C values of between 0 
and -\A%c with respect to PDB. contrasting strongly with 
S'K: values of -18%o above this horizon and -10%o below it 
VTidi a pH of 7.9-8.0 between the depths of 8 and 9 m. 95% 
of the aqueous inorganic carbon will be in the form of bicar- 
bonate ions, so that calcite produced in isotopic equiUbrium 
with these waters will have 6"C values between 0.8 and 
•(■2.2%0 with respect loPDB. The 5'H: values of calcite found 
in the srafacc sediments of Ldce Fryxell (unit E) (Table 2) 
have a range of -1 .59 to ?:.357(c and so bracket those that we 
would predict to be produced from depths of 8-9 m. They are 
well outofisoiopic equilibrium fiom any odierwatersinLaicB 
Fryxell. 

Calcite appears to be precipitated from the lower euphotic 
zone (8-9 m depth) as a result <tf phoio^yndietic removal of 
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Fig. 6 Lake Fryxell solubility profile. The light shading indicates 
ihe range where calcite precipitation is not thermodynamically 
feasible. The heavy shading shows the range of I AP for the summer. 
Tliis shows that calcite precipitation is feasible above 11m water 
depth. 



aqueous COj. The precipitated calcite then settles as a pelagic 
rain, along with seston, on the lake bed below the euphotic 
zone. In addition to the pelagic rain of calcite, where the lake 
bed lies within the euphotic zone, benlhic communities of 
algae cause the precipitation of calcite resulting in a 



stromatolilic style of deposition in shallow waters (Parker & 
Simmons 1981; Parker el al. 1981; Wharton et al. 1982). 

Addition of COj through respiration brings about a 
lowering of pH. S.E.M. examination of calcite from the lake 
bed (top of unit E) showed broken and rounded crystals as 
opposed to the expected regular-shaped calcite rhombs. We 
suggest that this may result from dissolution in the lower 
water column or sediments. The occurrence of only sporadic 
calcite layers further down unit E may support this hypothesis. 

Previous carbonate depositional regimes 

The calcareous mud (unit B) has a low CaCO^ content and 
consists primarily of aragonitc with some calcite (Table 3). 
The fine grain size of the sediment and increasing thickness 
towards the deepest part of the basin suggest that this is a deep 
water deposit. Though slightly predating the maximum stand 
of the Ross Sea ice, the 21 000 year date on this deposit 
indicates it was deposited at or near the maximum level of 
Lake Washburn. At this time the greatly expanded ice volume 
provided an increased meltwater source thus filling the lake 
(Slurvier et al. 1981). 

J>rescnl 5"C values for the upper water column of the 
present lake Fryxell are surprisingly negative (Table 1). The 
increasingly negative S'HD up through unit B is interpreted as 
a result of meltwater replenishing the carbon pool and 
swamping the effect of photosynthetic processes. The 
markedly more positive 5"0 values for unit B, as compared 
to unit D and E carbonates, cannot be explained in terms of 
temperature change. They suggest either drastic change in 
water composition or the presence of "imported" detrital 
carbonate of radically higher 6"0. 5'*0 values for meltwaters 
feeding Lake Fryxell are about -32%c^,^^, and thus caitxinates 
precipitated from these waters at c. 3°C should have 8"0 
values of about -28%t^g (as in units D and E). The only 
plausible source of isotopically heavier water is seawater. 
Thus the unit B values are interpreted as being the result of a 
contribution of seawater and/or carbonate of seawater origin 
to water occupying the Fryxell basin. Such imported carbon 
may explain the slightly older than expected '*C date of the 
sediment. An age of c. 19-20 000 years would be more likely. 
Within unit B itself, 6"0 values become lighter up the 
column, which may also suggest lake infilling. 

The actual mechanism of carbonate deposition in unit B is 
inferred to be analogous to that of the present Lake Fryxell 
system. A major difference, however, is that XRD analyses 
suggest aragonite is the dominant phase. Lake infilling rules 



Table 2 Chemical and mincralogical analyses for the three carbonate units. Most of the 10%wt aragonite in unit E is from samples 
bclo«^' the sediment/water interface. 
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out ev^xxaiive concentration and also appears to mask the 
effect of biological activity. 

Unit D samples become isotopicallyhcavicrupthccolumn. 
Eviqx>rauon of an open body of water leads to 5'K) enrichment 
(Sofer & Gat 1 974; Gat 198 1) which continues until a steady 
state is attained. An ice-covered lake, however, would not 
show significant enrichment in "O with evaporative 
concentration. At c. 10 000 years ago (Fig. 2) there was a 
marked reduction in lake levd, possibly as a result of the ice 
leaving the valley altogether. As the lake was no longer 
dammed at one end, it spread out, thus having a larger ablation 
surface area (Stuvicr ct al. 1981) resulting in evaporative 
concentration of lake waters, and producing a carbonate 
precipitate. Thickening of this dqxisit towards the pteseot 
lake margin may reflect nndersaturated deep waters. In the 
initial stages of evaporation, precipitated carbonate rain was 
dissolved as it fell through deep waters, as suggested for the 
present lake. S"C valnes indicate continued biologkal activity 
which enhanced the evaporative mechanism particularly in 
shallow waters. Here more efficient nutrient cycling would 
have been possible. 

This increase in salinity can be inferred from Ca and Mg 
data. Calciie flakes in unit E are low-medium Mg-calcite 
whereas CaCO, in unit B lies in the high Mg-calcite field. Mg 
in the precipitating solution governs thecarbonate polymorph 
(Muller et al. 1972; Folk 1974; Balhurst 1975). Bischoff & 
Fyfe (1968) and Folk (1974) demonsbated the inhibitory 
effect of Mg^* in solution on the growth of calcite. MQller et 
al. (1972) have quantitatively estimated this effect on the 
carbonate mineralogy in terms of Mg/Ca ratio (Table 3). 

ExaininaiionoftheconceniratkMigndiMitsinLalceFiryxell 
(Table 1) shows that Ca and Mg have undergone different 
behaviour so that the Mg/Ca ratios rise from 0.3 below the ice 
cover.ttuough 1.2 in theeuplioiiczone,tovaluesof > 6 in the 
bottom wateis. These differences are a consequence of the 
history of the lake and the process occurring within it 

Lake FryxcU is fed by at least eight mcltwatcr streams. 
Their flow rates andcomposiiioos show considerable temporal 
variatkm in leqxnse to changes in the weather and solar 
insolation. To our knowledge, only one of these streams 
(flowing from the eastern side of the Canada Glacier. Fig. 1). 
has been monitored. The flow weighted mean for the 1981/82 
season (K Thompson pen. comm.) shows the major cations 
in the following concentrations: Na 2.9 mg/1, K 0.8 mg/1, Ca 
6.1 mg/1, and Mg 0.9 mg/1. 

From the concentrations listed in Table 1 and the bathy- 
metry of Lake Fryxdl determined by Hendy (pas. comm. 
1978) it can be shown that Lake Fryxcll contains: Na 32 
X 10* I, K 2.9 X 10' t,Ca 1.3 X 10^ t, and Mg 3.4 X lO' I in 
solution. With a total surface area of 6.75 km^ and an 
ablation rate of c. 30 cm/year, the concentratkms observed in 
the Canada Olacier stream, if reiM-esmtadve of all of tiie 



inflows into Lake Fiyxell, would be sufficient to supfdy all of 
the sodium in 6800 years, all of the potassium in 2200 years, 
all of the magnesiiim in ^00 yean, and all of the cakiiim in 

136 years. 

These calculations are consistent with the model for the 
evolution of Lake Fryxell jvesented above whereby the lake 
was evaporated to a low- vol ume sodium chloride brine d uri ng 
the Holoccneandrefloodcd with glacial mellwatcrs initiating 
a diffusion cell c. 1000 years ago. The {wesent inventory of 
magnesium and potassium would be accumulated in this 
time. If this model is correct, the calcium in solution accounts 
for only 6% of the calcium influx. We believe that the 
remainingcalcium has been precipitated as calcite, frequently, 
if not cootiniiously. during the lefiUing of the lake, thus 
accounting for the low and inegidar caldum conoenintkMis 
in the water column, and the 10-20 x lO' t of caldmi in tfie 
upper 10 cm of unit E. The low Mg/Ca ratio of die caicites 
found in unit E is also consistent with dieirarigtn being in the 
eupholic zone. 

The aragonite and higher Mg/Ca ratios found in the 
carbonates in units B and D suggest much higher Mg/Ca 
ratios in the earlier phases. Ibe dual carbonate minerak^ in 
unit D and in particiilar unit B poses a problem. Lake Ryxdl 
carbonates arc nonskeletal in origin, so biological 
differcntation on such grounds is not possible. A possibility 
for unit B is imported carbonate. An alternative possibility is 
diagenetic change; this was noted in unitEcakites. Aragonite 
is the primary mineral in unit D and possibly also in unit B. 
For the aragonite/calciie transformation there is a Sr depletion, 
2ii remains constant, and Mn and Mg increase (Pingitore 
1978). Plots of Mn versus wt% aragonite fior units D and B 
show a crude inverse relationship, suggesting aragonite 
dissolution and calcite reprccipitation. From this, we suggest 
that reprccipitation of calcite may be occurring in Lake 
Fryxell sediments. Importedcaibonatecannotbe ruled out for 
unit B but is less likely in unit D as tfie meltwaier su|;^ly had 
been drasticaUy seduced. 



CONCLUSIONS 

The conclusions arc summarised in the conceptual model in 
Fig. 7. As the Ross Sea ice advanced, itdammed the lower end 
of the Taylor Valley . This enabled the buildup of a large lake, 
proglacial Lake Washburn, in the Fryxell basin. Meltwater 
was supplied by the greatly expanded ice volume. Unit B 
sediments were thus deposited on the outwash sands and 
gravels (unit A) laid down during early stages of the ice 
advance. Within the lake water column a carbonate system 
analogous to the present Lake Fryxell system operated. The 
infl ux of waters and detrital material , combined with possible 
dissolution effects in the lower water column, led to the low 
total weight percent of carbonate in the sediment As tlie ice 
retreated beyond the basin margins, the lake waters ^read 
over areas once covered by ice. The resultant increased 
ablation surface area caused evaporative concentration of 
lake waters. Aragonite precipitation was thus initialed and is 
probably responsible for the Ca depletion of the water column. 
This primarily inorganic mechanism was enhanced by 
continued biological COj fixation. The lake was evaporated 
to a neglible depth. As alpine glaciers readvanced, the lake 
basin was refilled with glacial meltwaters. The concentrated 
brine rcdiffused back up the water colunm to create the 
observed chemkal stratification in Lake FryxeU. Bkdogical 
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Table 3 Relationship between Mg/Ct ntio nd cabooatB pdy- 
noiph (after MUller ct al. 1972). 

Mg/Ca ratio in 
pvBc^pilMingflolutwB Minerakigy 

<2 low Mg-calciie 
2-12 high Mg-calcite 
>12 aragonite 
very high vahiea hydrous Mg-carbonaiea 
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infl ueoces iK>w predonumtte with carbonate dqposition being 
restricted to an dgae-dotninatedeophotic zone. The carixxiats 

is cither precipitated from the water column and settles as a 
pelagic rain, or in shallow waters a bcnlhlc stromatolite-style 
dqx)sition occurs and has resulted in most of die inflowing 
calcium being removed. Throughout these systems, caibooate 
dissolution and/wreprecipitation may play importantrolesin 
the sedimentary record. 

Therefore, biogenic processes predominated in the 
deposition of imitE cakite and unit B mod, wheieas imit D 
may have resulted from evaporative concentration. The 
changes in these depositional regimes are the result of 
evironmental changes caused by ice advances and/or 
retreats. 
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New Zealand hailstorms 
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Abstract Fromananalysisofrepcntsofhailatclimatological 
8tations,ietumperiodsofvarious hail frequencies are derived. 
Rrom iMs data set it dwwn fliat in most parts of New 
Zealand there is a winter ac spring maximum in the frequency 
of hail occunences, and that there are generally more 
occurrences in the west than the east and in the south than in 
Ae noctb. An analysts of the oocamnce (tf hail in boudy 
weather reports reveals Uttle diamal varialnfity. There is a 
likelihood that these data sets include, at least at some sites, 
rqxirts of ice particles that are strictly too small lo be 
classified as hail. 

A previous climatology based on reports of hail in the 
press is extended and reanalysed in terms of diurnal and 
seasonal frequencies in 11 regions. The eastern coastal regions 
have more than 60% of reported bail in ^riog and summer 
afternoons; regions exposed to die nordi have more dian 50% 
of their hail events at these times. 

An examination is made of the characteristics of 14 
severe hailstonns identified from crop insurance daims. 
They occur in a variety of weadier situations but have some 
common features. All occurred in the rear of die leading cold 
front of a cyclone system and in all cases there were indications 
of iq>waid motion on a scale larger than diat of an individual 
hailstorm. Most occurred with mpoqiheric temperatures 
below the seasonal average. 

Kcjwonia hail; hail8toims:cIimalolQgy; New Zealand 



INTRODUCTION 

Horticulture is expanding rapidly in New Zealand; there was 
a 55% increase in the area used for fruit growing between 
IMl and 1986.ConsequenUy the economic effect of hail falls 
ia becoming more significant. Some recent hail events have 
caned losses of over NZ$4 000 000 each. A knowledge of 
hail climatology is therefore needed. Climatology can be used 
in the planning of horticultural venuires. for establishment of 
insurance schemes, and in assessing the need for methods of 
hyil Hamupt or hail suppression (Steiner 1988). In 

this iMfMra hail dimatology is developed usiqg a vari^y of 
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Kidson (1932) analysed climatological repents of hail in 
New Zealand. He noted that the frequency of hail was greatest 
in die west and south. In the North Island he found a maximum 
of hail in winter which he attributed lo a temperature factor. 
In the Soudi Island there was a minimum in February and a 
maximiui io the spring wfaidi he rdaied to tte amnial 
variability of the strength of the westerlies. Kidson noted that 
some east coast areas speared to be e^)ecially liable to 
excqwionally severe storms with hailstones iq) to as much as 
3 indies (76 mm) in diameter. He docwmenied a storm at 
Oxfoid, Ouiteibary, when hailstones the size of tennis bells 
fell, some bouncing to a height of 16 feet (4.9 m). Neale 

(1977) produced a climatology of severe hailstonns in New 
Zealand based mainly on newspiq)er articles. Hailstonns 
were included if they were reported as having hailstones with 
long-axis diameters of at least 5 mm, or the storms caused 
property or crop damage. Neale partitioned his 444 hail 
events into regions west and east of die main axial ranges. In 
the east he found that severe hail events occurred mainly in the 
summer half-year and withapronounced afternoon maximum. 
In the west the occurrence rate dirough die year was mtxt 
uniform but with a maximum in wbiter and spring, and die 
diurnal variabiliQr was leas pranonnced, especifdly in the 
winter half-year. 

The distribution of hail in space and time and the character- 
istics of hailstorms and of hailstones have been intensively 
studied in Fhuice and neighbouring countries and in parts Of 
the North American plains. The motivation for such studies 
has been either to develop risk factors for hail insurance or to 
obtain background data for attempts at hail suppression. 

Insomeareas,hailiq)ortgfiFomobaerversaresup|ilemenled 
by data from hail pads and weather radar. Hidl pads are 
indented by falling hail: the number and size of indentations 
in the pad indicate the hail kinetic energy. From weather 
radar, relationships between reflectivity and hail parameters 
can be established. For exa nq )le,inSwitze r la n d,FfedereretaL 

(1978) foond an empirical idationship between ladar 
reflectivity a n d h a d Iriii k i c e n e r gy aanie asM edbyahail-pad 
network. 

In New Zealand, die sources of informadon on hail are 
limited. There is no weather radar in continuous operation and 
there are no hail pads. No central agency routinely collects all 
hail damage data from insurance claims or from any odier 
sources. Dataareavailable fromdimatological rqxKts, houriy 
weadier mpam at a few locations, and die press. A set of 
insurance data was made available for this study and reference 
was made to descriptive comments by rainfall observers. 



HAIL REPORTS AT CLIMATOLOGICAL 
STATIONS 

There are almost 3(X) places in New Zealand where data are 
recorded once daily for climatological purposes. Observers 
aiB adcad to leooid die oocmeaoe of haO and aome odier 
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weather phenomena in the course of the previous 24 hours. 
However no« all stations record hail events and some have 

beeniecording for only a limited lime. Data were analysed for 
allNew Zealand sites, including those in outlying islands, that 
reported the incidence of hail during the 20 years 1966-85. 
The daily records were not examined directly: the study is 
based on totals for each month. There were 111 sites. Ttese 
included 12 North Island sites staffed by New Zealand 
Meteorological Service (NZMetS) personnel, 47 other North 
Island si tes, 6 South Island sites staffed by NZMetS personnel, 
43 other South Island sites, and 3 outlying islands (Campbell 
Island, Chatham Island, Raoul Island) where there are NZMetS 
staff. From these data, statistics of hail frequency were 
derived for each month of the year, the four seasons, and 
annually. 

The particular statistics derived included the mean, 
standard deviation, percentage of the annual frequency, and 
the observed frequency of particular numbers of events. In 
onler to derive the ejipected frequency of various numben oC 
hail days the data woe alao filled to a modified Poisam 
distribution (MPD). Hie Mn> was selected lather than a 



Poisson ifistribution as it seemed likely that there was some 
persistence in the occurrence of hail firom day to day. The 

formulation Ot the MPD is given by Brooks & Carrulhcrs 
(1953) and Tomlinson (1976). Tomlirison has applied this 
distribution to New Zealand thunderstorm data. The goodness 
of fit of the MPD was tested by the use of the Kobnogorov' 
Smtmov test The null hypodiesis is that dieobserved dua are 
a sample from the \TPD. For all stations and periods except 
for some seasons and the year at Campbell Island the fit was 
satisfactory. The MPD routine used grouped all seasonal 
occurrences of more than 14 hail days and all yearly 
occurrences of more than 29 hail days in the highest class in 
fitting the data. This proved unsatisfactory for Campbell 
Island but the revision of the procedure for asingle station was 
not warranted. 

Examination of the data revealed very marked differences 
between sites in the same area. For example, two sites in the 
Palmerston North area (the airport and the DSIR observing 
site) 6.5 km apart, had mean annual hail Creqiiencies of 0.7 and 
4.6,respectively.Similarly,inSoalliland,Invercvgill Airport 
had an annual fipequency of 31.8 hail days whereas the other 



Table 1 The leasonal and annual mean numbcn of hail days, probabiUQMof zero hail days, and 1 in 50 year expected maximum number 
of haQ days for selected dinutfological itatioat, iMwd on datt for 1966-« 



Mean PtobaMlity of zero (%) i InSOyeareaqwrtfidwiaxiniMn 





Sum 


Aut 


Wm 


Spr 


Ann 


Sum 


Aut 


Win 


Spr 


Ann 


Sum 


Aut 


Win 


Spr 


Ann 


Kaitai* 


0.2 


OA 


13 


0.7 


2.5 


85 


75 


35 


46 


18 


1 


3 


5 


3 


9 


Leigh 


0.1 


0.0 


OA 


0.6 


1.2 


95 


100 


64 


62 


33 


1 


0 


2 


4 


4 


Wheuuapai 


02 


o.« 


lA 


1.6 


3.8 


79 


59 


32 


34 


11 


1 


3 


5 


7 


12 


Aucklaiu 


0.2 


03 


1.6 


lA 


3.5 


84 


78 


28 


32 


4 


2 


2 


6 


5 


8 


Auckland aopoct 


03 


0.6 


13 


0.9 


3.1 


74 


46 


24 


51 


7 


1 


2 


3 


5 


8 


Ruakura 


0.2 


03 


0.6 


0.4 


1.6 


79 


70 


59 


64 


25 


1 


2 


3 


2 


5 


Te Aroha 


0.2 


0.2 


0.7 


1.0 


2.0 


84 


85 


59 


57 


35 


2 


1 


4 


6 


10 


Tauranga 


0.2 


0.1 


0.2 


0.0 


03 


92 


95 


89 


100 


74 


2 


1 


2 


0 


2 


Rotorua 


0.1 


0.2 


0.4 


1.4 


2.0 


90 


85 


64 


24 


10 


1 


1 


2 


4 


5 


Kaingaroa Forest 


0.5 


03 


0.8 


2.2 


3.9 


66 


66 


45 


20 


3 


3 


1 


3 


8 


9 


Wairakci 


0.2 


0.1 


0.2 


0.9 


13 


85 


90 


89 


59 


43 


1 


1 


2 


6 


6 


Waiouru 


1.3 


13 


3.2 


5.1 


10.9 


33 


31 


9 


7 


0 


5 


4 


9 


16 


24 


New Plymoadi 


0.4 


0.9 


3.2 


2.0 


6.4 


69 


31 


7 


18 


1 


2 


2 


8 


6 


14 


Stratford 


0.2 


0.9 


1.7 


1.9 


4.7 


84 


38 


33 


24 


5 


1 


3 


7 


7 


13 


Gisbome 


0.9 


0.5 


0.5 


1.5 


33 


59 


73 


60 


21 


12 


6 


4 


2 


4 


11 


Napier 


0.2 


0.0 


0.1 


0.4 


0.7 


84 


100 


95 


67 


60 


2 


0 


1 


3 


4 


DainevifkB 


0.2 


0.6 


0.7 


1.4 


2.8 


84 


63 


51 


44 


9 


2 


3 


3 


7 


8 


Wangnui 


0.1 


0.2 


13 


1.1 


2.7 


90 


85 


32 


47 


14 


1 


1 


5 


5 


8 


Ohakea 


0.7 


0.9 


3:0 


IJ 


64 


51 


37 


10 


19 


1 


3 


3 


9 


5 


14 


Palnief sion North 


0.5 


0.6 


2.0 


lA 


4.6 


61 


57 


20 


44 


3 


3 


3 


6 


7 


11 


Paraparauma 


02 


03 


1.1 


1.1 


2.8 


85 


76 


22 


29 


4 


1 


3 


3 


3 


6 


Wellington 


03 


1.5 


33 


2.5 


7.6 


74 


31 


9 


17 


1 


1 


6 


9 


8 


19 


Wcstpxjrt 


0.2 


0.8 


1.8 


1.2 


4.1 


79 


47 


29 


37 


4 


1 


3 


7 


5 


10 


Hokitika 


1.2 


1.5 


4.1 


4.4 


11.1 


29 


28 


4 


5 


0 


4 


5 


10 


13 


23 


Milford Sound 


13 


1.2 


1.8 


2.0 


6.2 


55 


41 


31 


16 


4 


9 


5 


7 


6 


18 


Nelson 


0.2 


0.2 


0.2 


0.6 


1.0 


79 


85 


89 


59 


47 


1 


1 


2 


3 


5 


Btenhetm 


OA 


0.1 


0.2 


OA 


1.1 


64 


95 


80 


62 


37 


2 


1 


1 


2 


4 


KaikDora 


0.9 


0.6 


2Xi 


23 


5.8 


43 


65 


14 


22 


2 


3 


4 


5 


8 


14 


Ashbwton 


0.9 


1.0 


1.6 


2A 


54 


48 


36 


32 


23 


1 


4 


3 


6 


7 


13 


Christdiurch 


1.1 


13 


1.9 


22 


63 


41 


33 


12 


20 


1 


5 


4 


5 


8 


15 


Tim am 


0.8 


0.6 


0.6 


1.8 


3.7 


44 


50 


58 


23 


6 


3 


2 


3 


6 


10 


Duncdin Airport 


2.1 


1.5 


3.2 


53 


12.1 


15 


35 


9 


1 


0 


6 


6 


9 


11 


24 


Quccnsiown 


0.5 


13 


1.2 


2.7 


5.7 


58 


41 


51 


13 


3 


2 


6 


7 


8 


15 


Winton 


0.5 


1.2 


1.9 


1.8 


53 


68 


67 


40 


32 


15 


3 


11 


10 


8 


22 


Invacargill 


4.5 


64 


8.7 


12.2 


31.8 


4 


3 


1 


0 


0 


12 


17 


20 


20 


t 


Raoul Island 


OjO 


0.0 


0.7 


0.1 


0.9 


100 


100 


51 


90 


41 


0 


0 


3 


1 


4 


Campbell Island 




16.9 


20.1 


22.8 


68.8 


0 


• 


• 


• 


* 


18 


* 


• 


• 


• 


C3iatham Islands 


1.2 


4.6 


7A 


4.1 


174 


38 


4 


2 


2 


0 


5 


12 


20 


9 


33 



*lhuble to be resolved widi the particular modified Poisson distribution program used, 
tl^le to be determined aocuriuely wiA the inodifwd Poisson distribution used 1 in 10 ^ 
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3 Southland stations (Winton, Otautau and Hokonui Fccest) 
an had annual frequencies of < 6 hail days. It is not poss9)le 
lodetennine which of such differences are genuinely climatic 
and ^i^iich result from difflcuiiics in noting all hail events at 
sites where weather observaiion is not a priodpal tadc or Ifae 
site is not stafEed for the full 24 hours. 

Sites staffed by the NZMetS might be expected to note a 
higher percentage of the local hail events than other sites. 
They might still miss some because not all NZMetS sites are 
staffed continuously dflfoughout die day and night For the 18 
NZMetS staffed sites in New Zealand, the mean annual 
frequency of hail is 7.2 with a standard error of 7.0, whereas 
for the other 90 sites the mean is 2.2 with a standard error of 
2.0. Similaily the mean probability of no hail days in a year 
is6.S for die 18 NZMetS staffed sites widi a standard error of 

11.3 but for the other sites the corresponding statistics are 

32.4 and 23.7. For both parameters the variance ratio is highly 
significant. 

If it is assumed that the propensity to notice hail at any site 
is the same in all seasons, then interseasonal variability of hail 
can be ascertained even if the reported seasonal occurrences 
are less than theactualnumberof occunences. Some seasonal 
and annual statistics are shown in TaUe 1. The sites shown 
were selected to provide a distribution of data for most parts 
of the country including, where possible, NZMetS staffed 
sites. Other sites in Table 1 are considered to record a high 
proportion of the hail occunences.* 

Because there Pftay be hail occurrences that are unrecoried 
at some sites, and also because there are likely to be important 
small scale variations in hail frequency, it is not possible to 
draw seasonal or annual hail frequency maps for New Zealand 
based on these data. However tlwre is some spatial coherence 
in the proportion of hail in each season (Fig. 1 and 2). 

Table 1 confirms the general increase of hail from north 
to south and from cast to west noted by Kidson (1932). Sites 
sheltered from both onshore soudierly and westerly winds 
have low hail frequencies (e.g.. Leigh. Tauranga, Nelson, and 
Blenheim). The only North Island site in Table 1 with a mean 
occurrence >10 days per year is Waiouru which is 823 m 
above sea level. Suatford Mountain House (not shown), at a 
height of 846 m, has an average of over 14 days of hail per 
year. The only high level sites in the South Island for which 
data are available are Craigicbum Forest (height 914 m, 
annual mean 1.7 events) and The Hermitage, Mt Cook (height 
765 m.annual mean 2.0events).TberBlativelyk>woccunences 
at these sites may be related to shdteringfixxn hail-producing 
airflows. 

Hail frequency is highest in either w inter or spring in most 
pailsofNewZea]and(Fig- 1): spring is themostfiequenthail 
season in eastern areas. Only three stations have summer as 
the main hail season. These are all sites reporting very little 
hail and the seasonal partitioning may be unreliable. All three 
are in eastern areas with some sheltering from westerlies and 
soudieilies. In the North Island the least hail season is either 
summer or autumn (Fig. 2). In the South Island the pattern is 
complex; there is a summer minimum in the south and in 
some western areas. 

A harmonic analysis was made of the mean moithly hail 
data. As a check on the reality of die derived annual cycle, die 



•Tabolalioat tat sites, for individual months and for 

■ddidomJ fipMinaaciM m ivaiUUe bom die New Zealand 
M al eo rol ogical Service. 



12 monthly means for each station were reordered randomly 
and thefirst harmonic of die seriesncomputed (Fig. 3). In die 
North Island there is a weli- p wino un ced annual cycle almost 
everywhere. The greatest frequency of hail days in the west 
is in July or August In eastern areas the annual cycle of hail 
has its maximum a month or two later. In the South Island 
there are many stations with no pronounced annual cycle, 
particularly about the east coast and in inland areas. A 
November maximum occurs in die Nelson area. The second 
harmonic was significant by die re-randomisation technique, 
only at Timaru Airport. There, and at a few other eastern and 
inland South Island places, maxima of hail days occur in 
April-May and October-November with the second hannonic 
explaining more Uian 30% of die annual variance. 

In the west of both islands the month of maxbmmi hail 
frequency as detenniiwdfirom climatological reports, is close 
to the month of maximum rainfall occurrences found by 
Thompson (1985). In die east of die Nordi Island the month 
of maximum hail occurrences is about 2 months later than the 
month of maximum rain occurrences. In the east of the South 
Island the disu-ibutions of the maximaof theaetwopacaowters 
are complex and not closely related. 

An interpretation of die variation in the number of hail 
days per year in the New Zealand area is shown in Fig. 4. For 
each of the seven locations for which mean freezing level data 
are available (i.e., for various periods of between 7 and 16 
years up to 1973; Tomlinson 1975) the mean number of hail 
occurrences per year is plotted logarithmically against the 
mean freezing level. A regression fitted to the data for all 
seven stations between mean number of hail occurrences, n. 
andmean freezing level, F, yields: n = 1 326 exp(-l 91 F). TIds 
e4i]adonexplains94%of die variance. The largestdepartures 
firom the regression line In Fig. 4 are fbr Waiouru and 
Christchurch. The positive anomaly for the high level site, 
Waiouru. may be explained eiUier by enhanced convection 
over die land orhy less oppottumQr forindting. Then^a^ 
anomaly at Christchurch may be the rank of sheUniog dme 
from some cold air flows. 

An examination of the monthly mean numbers of hail 
days and die mean moaddy freezing-level heights at diese 
stations shows diat a mean fieedng-levet hdibt of about 
3400 m is a direshold for hail oocumnce. 



HAIL REPORTS IN HOURLY OBSERVATIONS 

Coded houriy weadier reports are made by NZMetS sia£f at 17 
New Zealand sites, mainly at airports. The reports indnde a 

coding of the "present weather" which is defined as the 
weather over the 10 min interval ending on the hour (World 
Meteorological Organization 1984, code table 4677). The 
code selected is die highest representative two-digit number. 
I f hail occ urs during the observing time, then one of six codes 
(89, 90, 93, 94, 96. 99) is applicable. Weadier odier dian hail 
could be iiKluded among occurrences of some of diese code 
figures. This arises because the same codes relate to 
thunderstorms with snow as with hail and because in some 
circumstances ice pellets (crushable small hail), snow pellets, 
and hail are coded identically. The same period was used as 
for die climatological data analysis. 

The number of reports of hail in hourly observations 
(Table 2) is small, less than one per year for some places. The 
qiatial distribution of die rqxirts is similar to diat for bail days 
widi generally moie in the aootb and easily dw greataat 
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Fig. 1 Season of most hail based 
ondatafromclimatolcgical station 
for the years 1966-85. Shading 
indicates the ptropwrtion of annulU 
luuIinthaiBMonof mntthiil whare 
Ait MOBtdi 40% 



40% 




50% 
60« 





LaMt haM season 



20% 



Fig. 2 Season of least hail based 
on data from climatological s 
foriheyeais 1966-85. Clear areas 
indicais die proportion of hail in 
dw seaaaaof kasthail is lass dian 
10% 
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Fig. 3 Season of maximum hail 
based on ahannonic analysis of the 
mean annual hail data from 
climalological stations for the yean 
1966-85. Stations where dw fint 
harmonic explained less thaiiSO% 
of the vvianoe of die 




the mudnmni of diB fint hmnoide 

is shown with the percentageof the 
annual variance explained by this 
harmonic. Where the cycle is 
significant by a re-randomisatioa 
iBi^tfwiypoii bolder. 



number at Invercargill. There are also more reports of hail in 
hourly observations in the west than in the east 

An analysis of the diurnal fiequeocy of hail in hourly 
rqports was conducted for the 9 sites whoe observadons are 
routinely made through the full 24 hours. Hail reports were 
partitioned into the four periods 0100-0600. 0700-1200. 
1300-1800 and 1900-2400 h local time. At none of the 
stations was the diurnal distribution significantly different 
from a uniform distribution in time (using the test). 

Hie number of hail days, derived from the climatological 
data, greatfy exceeds the number of occasions hail is reported 
atthepre9entweadierinlKMifyob9ervatkns.Thiscouldhave 
two causes; either hail eveatt must be very brief or it must be 
me for more than one event to occur per day. However, at 
aome i^aoes, a base ptoportkm of die bouily hail rqxvtt 



occur on days with more than one hail report per day. Since 
multiple hail occurrences per day must equal or exceed the 
nnmber of hourly iqxxts with Inil as the present weather, 
there is strong evidence that haO eveols are brief, probably 
lasting only a few minutes each. 

The prc^rtion of the hail reports associated with thunder 
Aows significant differences between sites. It is lowest 
at the two Wellington sites, followed by Christchurch and 
Invercargill. which suggests that much of the hail rqxxted at 
these sites is not asaocaaied with particnlariy laU convectrvc 
clouds. 

REPOBTS OF SEVERE HAILSTORMS 

The Meteorological Service maintains an archive of items 
firom die press concerning various types of weather event 
inchiding haOstonns. Neale (1977) devdoped a cHmaiology 
of hailstorms based primarily on this archive for the SO years 
1924-73. A further 13 years (1974-86) of data have been 
analysed using the same criteria: that is. by including ail 
events v^iere damage to oops occurred, the hailstones were 
reported as exceeding S mm in diameter (the minimom size 
for an ice particle to be classified as hail; World Meteorological 
Organisation 1 956), or there was com men t about the unusually 
large size of the hail. The method of entry of items into the 
archive has varied. During May 1976 to March 1982. Cewer 
newspapers were searched on a regular basis. The only 
change to Ncale's procedure has been the inclusion of some 
events where damage toproper^odier than crops was iqxMted 
dKMgh there was no reference to hailstone size. Data for die 
entire period of 63 years are treated as a single data set Each 
report of hail in an area on a particular day is referred to as an 
event: some events may include more than one outbreak of 
haiL 

Aldiough the minimum size accepted for indnsion in tfie 
data set is 5 mm the vast majority of hail events reported in the 
press are significanUy larger. Neale found that, where size 
informadon was available. 82% had sizes rqxvted or infened 
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Mean freezing level 

Fig. 4 The variation of mean annual number of hail days at sites 
ytUch arc both climatological and radiosonde sites, with the mean 
annual freezing level The hail diys dau are for the yean 1966-8S. 
The fireezing-levd data (from Tomlinson 1975) is for 19M-73 for 
Waiouni, and 19Sft-73 for odwr ntes. 



(from terms such as "walnut size", or "golf ball size") of at 
least 10 mm. The entire data set is therefore referred to as 
severe hail. 

The 118 rqx)rts in the years 1974-86 were classified as to 
whether significant hailstone size was reported (80 events), 
tbae was damage reported to fruit crops or to orchards (40 
events), there was damage to gardens or crops other than firuit 
(43 events), there was property damage (17 evmis), or 
injuries to animals or birds (2 events). Several events included 
more than one of these categories. The high incidence of 



Table 2 Hourly reports on hail for New 2^ealand locations for the 
20 years 1966-85. Colurtui D is based on the climatological reports 
from the same sites. Asterisks indicate places where reports were not 
made regularly at some night hours. D/H is not calculated for these 
tilet. 

No. of % of these No. of 



reports of reports with reported hail 
hail in current or days in 
20 years recent thunder 20 years 





H 




D 




Kaitaia* 


16 


75 


48 




Whenuapai* 


11 


27 


77 




Auckland 


14 


36 


74 


5.3 


Auckland airport 


IS 


47 


62 


4.1 


Rolonia* 


10 


30 


41 




Gisbome^ 


8 


62 


67 




Newl^ynwudi* 


25 


64 


139 




Ohakea 


42 


4S 


129 


3.1 


Paraparaumu* 


14 


57 


56 




Wellington 


27 


4 


144 


5.3 


Wellington airport 


14 


7 


159 


11.3 


Nelson 


9 


56 


27 


3.0 


Hokitika 


54 


53 


223 


4.1 


Kaikoura* 


24 


38 


115 




Chiistcfauich 


39 


12 


130 


3.3 


Dunedin 


47 


27 


241 


5.1 


luveicarcill 


244 


18 


636 


2jS 



events that would have been classified on the basis of reported 
hailstone size alone (76%), together with the reports of 
property damage, suggests that the seasonal variations in 
iqKHls are probably real vanatioas in sevoe hail occurrence 
and do not meidyreflecta greater pomntial forplant damage 
in some seasons. 

There arc some additional deficieiKies in the data. Neale 
showed that there was a tendency for laige numbers of events 
to be rqxMTted in the more populous areas. Furthermore, 
haibtonns most compete with odier news for space, and 
differentedilorial policies and deadlines may lead toa differing 
interest in iqxirting hail There was sometimes a tendency for 
several subsequent rqxMis of hail to fiollow a paiticulaily 
severe event; this event had possibly made hail newsworthy. 
Although it has these limitations the data set provides some 
basis for analysing the occurrence of severe hail. 

The data set was divided into 11 regional subsets. The 
regional codes and boundaries are shown in Fig. 5. together 
with the number of reports from each region. The left-side 
diagrams in Fig. 5 show the seasonal severe hail disuibution 
for each region as a percentage of the annual total. The riglit- 
side diagrams show the seasonal distribution of hail at those 
climatological stations from which data is shown in Table 1. 
To produce the latter, where there was more than one 
climatological station available, the sum of the hail iqx>rts in 
each season firom all stations was osed. 

The numbers of hail reports in proportion to the area are 
generally higher in the North Island regions than in the South 
Island tliou^ it is highest of all in the NE region. The lowest 
frequency per unit area is in WCSI. These distributions must 
partially reflect population differences and may not be reliable 
indicators of the regional distribution of severe hail. 

Thepeicentageof severe hail is least in9of the 1 1 regions 
in autumn. In the remaining two regions (CAand SD) diere 
were no severe hail events in winter but there were also very 
few in autumn. The autumn percentage is everywhere only 
about one-half or less of what would be expected were severe 
hail events to be uniformly distributed throughout the year. 
The winter frequency is above 25% only in four regions, an 
adjacent to the western coast, and is low in all eastern areas. 
In the four South Island regions east of the ranges, more than 
one-half of the severe hail events occurred in summer. 

A comparison of the seasonal distribution of hail in each 
district with a uniform seasonal distribution of the same 
number of total hail events was significant at the 5% level 
using the test for all regims excqK WCSI and WMW. For 
NAW,CA.OT,andSDthedifrerences were significant at die 
0.1% level. 

If severe hailstorms, as identified from newspaper reports 
at climatological stations, represented the same class of 
phenomena, then the seasonal distribution of the two would 
be similar. Figure 5 shows that, in all districts, a higher 
proportion of the severe hail events than of the climatological 
iq)orts occurs in summer in all 1 1 areas. Correspondingly, in 
all districts except WCSI diere is a smaller proportion of the 
hail events in winter in the severe event data. Except in 4 
disuicts. BPT, TT. NE, and WCSI, the differences between 
the pairs of depicted seasonal distrOmtions are significant at 
the 0.1% level. 

A classification was abo made fior each region of die 
distribution of hail events by time of day. The events were 
partitioned into4 periods, 0000-0600. 0600- 1 200, 1 200- 1 800 
and 1800-2400 h. Insomenewspaperrepcnisthetimewasnot 
given explicitly but could be inCerred fion more genetal 
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Severe hail 
(press) 




Fig. 5 The percentage of the 
number of severe hail reports in the 
press (left) and of the number of 
repmrts at selected climatological 
stations (right) in each season for 
various New 2^aland districts. The 
symbols used in the text to denote 
the districts are above each pair of 
circles, and the actual number of 
hail reports in the press for the 
years 1924-86 is shown below. 



Table 3 Percentage of severe hail occurrences on spring and 
summer afternoons (1200-1 800 h), the total number of events that 
could be classified by time and season, and the value of from a 
comparison of the actual distribution of events into four classes 
(spring and summer afternoon, autumn and winter afternoon, spring 
and summer other times, autumn and winter other times) with 
the '/«, '/«. '/«. '/«. distribution which approximates what would occur 
with a random distribution. The significance of the value is in the 
right-haixi column. 



Region 


Spring/summer 
afternoon (%) 


Total 




Significance 
level (%) 


ECNI 


0.74 


70 


>200 


0.1 


or 


0.73 


40 


>100 


0.1 


SD 


0.73 


22 


67 


0.1 


CA 


0.63 


87 


>200 


0.1 


ML 


0J6 


18 


26 


0.1 


NE 


OSO 


24 


17 


0.1 


BPT 


OJO 


18 


23 


0.1 


NAW 


037 


82 


82 


0.1 


TT 


032 


34 


11 


2 


WMW 


031 


45 


17 


1 


WCSI 


0.08 


12 


0 


NOSIG 



Cci 
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Thm of day (hours) 




Fig. 6 The percenuge of the 
number of severe hail reports in the 
press in the 4 quarters of the day for 
variousNew Zealand districts. Data 
an bom the years 1925-86. The 
r of iqxMtts for whicli time 
awailabia ii 



attteroents (e.g.. "momin^ was taken to imply 0600-1200. 
"eariy hours of this itioming", 0000-0600). There was no 
usable lime informaiiun in some reports. The diurnal results 
(Fig. 6) reveal a maximum occunence in the afiemoon, 
including one-half or more (tf an events, Aat is ftMnd in all 
regions except WCSI. The patterns in Fig. 6 are mostly very 
signilicanily different from a uniform distribution. Using the 
X'iest, the difference is not significant for WCSI while for TT 
it is signifKant only at the S% level. Elsewhere there is 
significance at the 1% level. The dhima] distribution is in 
marked con s : . . i ; > : 1 1 : i ! obtained from hourly weather reports. 

The seasonal and diurnal patterns for severe hail in most 
regions, as reveded by Fig. S and 6, suggest a further 
classification. For each region the frequency of severe hail is 
partitioned into 4 time-season divisions: spring and summer 
afternoons (September-February, 1200-1800); autumn and 
winter aftenioons; ^>ring and summer, all other times 
(1800-0000-1200); autumn and winter, aU odier times. 

If the events occmred uniformly both seasonally and 
diumally, the percentage of events occurring on spring and 
summer af tenxxws would be approximately '/ith of the total. 
The actual percentages are in most cases £v higher (Table 3). 
Only in WCSI is the partitioning into die four categories 
above not significantly different from the 'Ath, V«th, V«th and 
Vithdisiributkw that would be approximated if events occuned 
unifixmly in time and I 
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Hiepartitioning into timeandaeasonMfiaiates the regions 
fado four groups. Four regions east of die fiuthi ranges, ECNI, 
CA. OT and SD. all have more than 60% of severe hail 
events in spring or summer afternoons. Three regions (BPT, 
NE, and ML) have between SO and 60% of events at these 
times. In the remaining North Island regions (NAW, TT, 
WMW) 30-40% of events occur in ^ring and summer 
afternoons. Only in WCSI is the sprinf-coinmer afternoon 
percentage smalL 

The above results demonstrate tfiat die spatial, seasonal, 
and diurnal distribution of the severe hail events reported in 
the press is different from the distributions derived from hail- 
day data at dimaiolosjcal stations or finom houriy weadier 
reports. 



SOME DAMAGING HAIL EVENTS 

Information on the number of hail claims in the period 
1 98 1-8S made to the insurers of wheatand of apples and pean 
is used to identify a sample of the most damaging hail events. 
Those selected are the 14 occasions in diis period when at 
least 10 claims were received in a single area. Four of the 
events relate mainly to wheat crops and 10 to tuples and 
pears. The wheat damage events all occurred in Qmteibury. 
The apple and pear events occurred in Hawkes Bay (4), 
Nelson (3), Auckland (2), and Otago (1). 

For each event an examination was made of the surface 
and upper level synoptic weather mapi of the NZMetS, of 
satellite imagery, and ttf atmospheric soondingdaia from die 
radiosonde stations at Auckland, Christchurch, and 
Invercargill. Thickness, vorticity, vertical motion, and shear 
fields were calculated from the archived analyses using a 
technique developed by Sinclair (pers. comm.). Two of the 
events were the subject of earlier studies which were consulted 
— McGill (1987) on the 4 November 1984 west Auckland 
storni and I. M. Miller (unpubL tcpon) on the 19ih January 
1983 Ganteibury storm. 

There were some limitations in the data. Archived analyses 
were not available for the 1981 Canterbury event In most 
cases, oibiting satellite imagery was available raly for the 
cailyinoniingandevcning. Ibegeostationaiy satellite imagery 
is usinlly received at 3-liouriy intervals but diere were often 
gaps in the archive. 

A summary of ihechaiacteristics of eache vent is contained 
in Table 4. Reference will be made to particular columns in 
die table. 

Comments by rainfall and climatological observers were 
used to determine the time of occurrence of the events. The 
number of insurance claims and the number of bail reports by 
ndnfall or climatological observer s (column 1) are only 
moderately well correlated (correlation coefficient 0.49). 
Thus the dense observing network is unable to record all 
OMUor storms. All but two of the storms were accompanied by 
iqKxts of some manifestation of dumdersiocms (column 2) in 
the affected area. 

The sync^tic pattern on the sea-level analysis (column 3) 
reveals thiat all of the thunderstorms occurred behind the main 
cold front of a tron^system , the front havingpassed any thing 
from a few hours to several days earlier. In general, the hail 
events occurred close to the low centre or in flows between 
south and west. The Auckland event of 4 November 1 984 was 
exceptional— ^Jdiough die leading cold front had passed, die 
flow vemained nmbedy. 



In 10 events there was evidence of a mesoscale* feature 
idated to dw terrain associated with the hail event. In duee 

events this was a "hanging back" trough. This feature, 
commonly identified on New Zealand weather maps, was 
discussed by Revell (197^. It is a boundary oriented finm 
southwest to northeastbetween surface winds Crom awesterly 
quarter and from the easterly quarter imbedded within a 
generally southerly flow. Four of the events, all in eastern 
areas, were associated widi a diermal trough. These fieatures 
occur on warm afternoons as a result of intense solar beadng 
of the surface and the transfer of heat to the low«- atmosphere. 

Satellite imagery indicated that for seven events there 
were prominent conveciive cloud masses over the sea which 
were advected to die area where bail fell widiout miQar 
changes incloudorgattisation. In fiveevents,indodingaIl but 
one of the Canterbury and Otago events, there was no evidence 
of such advection; the convective cloud cluster formed over 
the land though there was sometimes evidence of some con- 
vectiveactivity over die sea. In twoevents there were insuffi- 
ciem satellite data to determine die aonroe of die convection. 

Columns 7-12 contain infionnation of atmospheric 
stability, winds, and large scale^yminics. In assesiung diese 
die main object has been to select measnresofdiepanineiers 
for which some climatology is available so that the extent to 
which the hail events arc associated with extreme values of 
any atmospheric condition can be assessed. 

The only index of stability for which a dimaudogy could 
readily be obtained was die Thickness Di Bhw c e bdex 
(TDI) defined by Hansscn (1965) as: 

™ = (^00-'',««H/«500-'SOO) 

where h is the height of the subscripted pressure surface in 
units of hcciopascals. Although TDI does not involve any 
consideration of humidity , it has been found useful in predicting 
thunderstorms in New Zealand (Steiner 1%7). Column 7 
shows the highest of the 50, 75, 90, and 97.5 seasonal 
percentiles of die TDI exceeded at a proximate radiosonde 
station (Aoddand, Chrisldiuich, or Invereaigfll). For the 
Hawke's Bay, Nelson, and Otago regions, which are located 
between radiosonde stations, the neighbouring station yielding 
the higher percentile was used. Whereas in all cases the TDI 
exceeds the 75 percentile diere are only two events when die 
TDI exceeds die 97.5 percentile. TDI values are in column 8 
and the TDI climatology is in Table 5. 

The 300 hPa wind direction was in all events in the sector 
nofdiwestto soudi (column 9). This is not surprising because 
the vast majority of winds at tlie 300 hPa level over New 
Zealand are within this sector. The range of upper winds 
associated with hail is rotated to be more equatorwards in 
New Zealand compared widi diat found in France by Molenat 
(1975). 

The vertical shear of the wind in the middle troposphere, 
500 hPa, exceeds 15 knots/100 hPa (approx. 0.005/s) in 6 
events (column 10) but was < 5 knots/100 hPa in one event. 
It was not possible to construa accurate wind hodogiapbs 
near the hailstonns. Ifowever the range of values of wind 
shear suggests that different storm cellular structures, each 
associated widi a diHerent vertical windprofile, may give rise 
10 haibtonnt in New Zealand. 



♦The term meso scale relates to weather systems smaller than the 
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Table 4 Data on hail events with at least 10 claims for damage to wheat, apples and pears in the four growing seasons 1981/82 

to 1984/85. 



Ana 


Dato 


Time (local) 


Claims 


1 


2 


3 


4 


S 


6 


7 


8 


ATiriff AND 




UBOBVIBBS 




A 

V 




O U UU ICl IT 


Y 




Y 


>90 


347 


Kumeu 












flow 




hanging 




AK 




Huap^i 
















back 








Riverhead 
















trougli 








AUCKLAND 


4A1/B4 


Q20(MnOO 


17 


1 


Y 


Post-frontal 


N 




Y 


>75 


399 


tollmen 












nortlw^rlv Flow 








AK 




Huspfti 
























HAWKE'S BAY 


7/1/82 


1700-1800 


61 


2 


Y 


Low csst 


Y 


Qniotof 


Y 


>75 


339 


Hutings 












of New^alfliid 








CH/AK 


Havelock North 






















HAWKE'S BAY 
Hastings 


14/1/B4 


^^DOHttltt 


2S 


0 


Y 


South- 

westarlvfksw 


Y 


Thcnnil 


7 








13/3/84 




17 


0 


N 




N 




Y 


>90 


330 


Hniiiigf 
hawk's BAY 




1300 


40 


27 


Y 


South* 


N 




Y 






Hasiingc 












wMariy flow 












Pakowhai 
























NELSON 


23/3/82 


1700-2230 


35 


s 


Y 


Low east 


Y 


Hanging 


N 


>75 


345 


Mainly U]q)er 












of South Island 




back 




AK 




MoutcreaalHope 
















trough 








NELSON 


29/11/82 


1530-1730 


44 


5 


Y 


Southerly 


Y 


Haneins 


Y 


>75 


345 














flAW 








vn 




















tn\ii0h 
uvu&u 








MotuckA 






















NELSON 


16/11/84 


1645-1715 


37 


2 


Y 


Low moving 


N 










IXIVIUIUMIIS 




















vn 
















South lalmd 












UmrMoiim 
























CANTERBURY 
Ratauft 


3/12/81 


Aftwnocfi 


21 


3 


Y 


Somli- 

wMlBily flow 


Y 




K 


>7S 
CH 


338 


AtUboitoii 
























Gcraldins 
























CANTERBURY 


19/1 AS 






11 


Y 


Souih- 


Y 






>97J 


392 














WCAldlY lii/W 




line 




CH 


















































CANTERBURY 


13/1 /R4 


1730-1800 






Y 




Y 






>75 


354 


Ashburton to 
















southeriy 




CH 




Ambcrley 
























CANTERBURY 


8/12/84 


Afternoon 


42 


2 


N 


CoLLowa 


Y 


Thermal 


Y 


>75 


359 


DaifieU 












loNWandSB 




trough 




CH 




Rakaia 






















Chrittdniicli 
























Ashburton 
























OTAOO 


20/1/84 


1400 


12 


1 


Y 


Wciledy 


Y 


Thermal 


N 


>7S 


34S 


MfflersFlat 












flow 




iRNIgll 




NV 




Cromwell 

























The information contained in the numbered colimms is as followa: 

1. Number of haU iqiom at dimatological or lainM statiois in dw aiM. 

2. Awodition wMi flmmderatorms. Y(aa) or N(o)7 

3. Synoplic aiHiartoft 

4. Evidenoe for mesoscale featuns due to temun or diffenmial soi&ce heating, Y(es) or N(o)? 

5. Nature of meaoscale feature idantified in4. 

6. Evidence for advection of cun vac tiv e cloud firom sea to hail area, Y(es) or N(o)7 

7. The Thickness DifrCTenceIndcK(n>I)parB«Btiteita|MOxiipategMaoaonde 

NV, Invcrcargill). 

8. TheTDI over i)ic hail area (from redio-eounding from Auckland arid Chris>da»chfi(» Auckland and 

for others) in gi»n. 



Hail damage can occur with a wide range of values of 
upper level (300 hPa) relative vorticily (column 1 1). Large 
values of cyclonic (negative) vorticity would be eqwciedlo 
be associated with deep, cold pools. 

The large scale, vertical motion field derived from the 
archived analyses and computed at the 700 hPa level 
(column 12) shows that theie was upward motion exceed- 
ing 2.ShPaperboDrfor7<tfthel3ewentsforwfaichdataaie 



available. These seven include the four events for which there 
was na a mesoscale surface feature related to the hail 
occurrence. A tentative conclnaion is that ddMr opwnd 
motion on the large scale, or some mesoscale feature providing 
low-level convergence, is a prerequisite for damaging hail. 

In the remaining numbered columns, thermal parameters 
are compared with mean monthly statistics from Tomlinson 
(197S). The freezing levd is geaoBUylow.oaawe^^ 
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9 


10 


11 


12 


13 


14 


IS 


16 


17 


18 


SW 


>1S 


-10 


N 


-1200 


IMO 


<2.5 


<10 


- 
















AK 


AK 






NW 


10-lS 


-4 


Y 


•I-200 


3200 


cSO 


c. 50 


-62 


cSO 














AK 


AK 


AK 




NW 


>15 


-4 


Y 


-1000 


2400 




<2^ 


-M 


>90 














AK 


AK 


AK 




NW 


>1S 


-1 


Y 


-1200 


2200 


c2^ 


<2J 


-48 


e.90 














AK 


AK 


CH 




NW 






V 


— VjO 


ZoUU 


o 4 € 




















AK 


AK 


AK 




WSW 


10-lS 


0 


Y 


-sso 


1800 


<25 


<10 


<4S 


>90 














CH 


CH 


CH 




S 


>15 


-5 


Y 


-coo 


2700 


<2J 


C.25 


-49 


>90 














AK 


CH 


AK 




NW 


10-15 


-16 


N 


-1100 


1500 


<2J 


c. 10 


















CH 


AK^ 







26 hail reports, other North Island areas. 
Hail damage, western Bay of Plen^, evening 
imNnlhUaid. 



7 hnl npisis odw NioiA Umd 



34 ludl reporti other Nodh bind areas. 

Sharp temperature drop with onset of souihfldly. 
Tornado reported in press. Snow inland. 
Additional damafB duoDgh jaggad hail 
cutting fruit 



WNW 


>15 


-10 


Y 


-300 


2300 


<15 
CH 


<2.S 
CH 


• 




*Tiopopaiue-44 atChiistcliircb. 
kxu^my/i fwflni^Hm wtfiiarh tnniij|Wiiie 


w 








-900 


2200 


<2S 
CH 


a 10 
CH 


-46 
CH 


C97.S 




WNW 


>15 


-17 


N 


-950 


2250 


c.2.5 
CH 


<15 
CH 


-45 
CH 


C.97J 


Hail associated with tornado in western 
suburbs of Christchurch. Hail stone* up to 


WNW 


<S 


-7 


Y 


-950 


2250 


<10 
CH 


c.2.5 
CH 


-55 
CH 


c7S 




NW 


>15 


-5 


N 




2000 


<10 
CH 


<10 
CH 


-51 
CH 


C.90 




WNW 


S-10 


-7 


N 


-800 


1950 


<2S 
NV 


<2S 
NV 


-47 
NV 


>90 


DSitnea batman ioeadoiu suggests sqiaialB 



9.Wind direction at 300 hPa (degrees), 
la Va(tk»l shear of Ob wind at 500 hPa Oonli/lOO hPa). 
11. Rdatiye vocticiV at 300 hPa (lO-'/s). 
12 UpwMd nolloa •l400 hPta exceeding 15 hP«A. Y(es) or N(o)? 

13. fteeziM-teveldqiarture from monthly mean as esiiiiiated from staristi^ 

14. Aetna! freezing lerd (gpm). 

15. 1000-500 hPa thickness percentile (gpm) at a proximate radiosonde station (identified bdow). 
16. 300 hPa height percentile at a proximate radiosonde station (identified below). 

17. Temperature (°C) at the lowest tropopause at a proximate ladioaandeatMionQdenlifiadbalow). 

18. The lowest tropopause percentile at a proximate station. 



below the monthly mean. The 1000-500 hPa thickness is 
usually below the 25 percentile value and, in 9 cases, below 
the 2.5 percentile value at a proximate radi(»onde station. The 
300 hP^ height is generally low, and the temperature at the 
lowest troposphere, where available, is usually high. 

Hie haitetoim of 4 November 1984 in west Auckland is 
tl» exception Cor aO the ihennalpannseien. The freezaig 



level was higher than the average for the month and the other 
tfnee parameters were all near normal. 

The discussion above reveals that the occurrence of 
damaging hail stt^s is not uniquely related to any readily 
available meteorological parameter. Even within a single 
disiiia there are marked differences in atmoqaheric fk>w 
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Table 5 Values of selected percentiles of the Thickness DifTerence stability parameter (TDI) for 
Auckland, Christchurch, and Invercargill. The analysis is based on all radiosonde daU for the 4 yean 
1981-84. (At Oiristchtirch radiosonde dau are acqaixedoidy<moedailyO Values are in geopolaid^ 



Midday 



Pttocntile 


SumniBr 


Annum 




Spring 


Summer 


Autumn 


Winter 


Spring 


Auckland 


















25 


272 


281 


282 


272 


268 


280 


286 


275 


10.0 


289 


294 


303 


292 


286 


293 


303 


AAA 

292 


2sja 


300 


304 


317 


303 


302 


306 


315 


304 


SOJ) 


314 


318 


328 


318 


313 


318 


327 


31 K 

J to 


7SjO 


328 


333 


340 


333 


328 


330 


341 


332 


90.0 


336 


343 


350 


344 


335 


343 


350 


341 


97.5 


346 


3SS 


360 


355 


348 


354 


359 


354 


Christchurch 
















25 


270 


2o2 


iau 


ZOO 










10.0 


288 


291 


29o 


296 










25.0 


307 


iW 


312 


lie 

313 










SOjO 


330 


I'M 


Ml 












TSjO 


3S0 


346 


350 


350 










90J) 


366 


359 


362 


368 










97J 


384 


374 


374 


378 










InvercarglU 


















25 


260 


258 


287 


270 


258 


262 


282 


266 


10.0 


272 


284 


301 


291 


276 


279 


296 


290 


2SjO 


290 


297 


310 


306 


292 


298 


311 


306 


SOjO 


311 


316 


324 


321 


314 


316 


324 


323 


75.0 


334 


332 


339 


337 


333 


333 


340 


340 


90.0 


350 


343 


349 


351 


346 


346 


351 


350 


97J 


360 


358 


358 


364 


358 


357 


360 


362 



All of the hailstorms occurred in the rear of the main cold front 
of a cyclone system. On most occasions the troposphere was 
cold md unstable. Fiom the small samide studied here a 
meatMcale PC laige scale weather pademcoododve to upwaid 
modon wcxdd seem to be neoeasaiy for daouiging hail 

DISCUSSION 

The previous sections reveal scxne apparent ambiguities in 
our knowledge of New Zealand hail. Whereas hail as reported 
at climatological stations is generally most common in winter 
and ^)ring, and increases in fie(|uency from north to sooth and 
from cast to west, the hail climatology derived from the press 
data reveals a spring and summer maximum, there are high 
fiequencies in eastern areas, and the marked increase in 
aoatiem mas is absent. Furthennoce the teiiq;xxal distri* 
buttons derived from hourly weadier reports and from the 
press reports are different: there is no significant diurnal trend 
in the hourly data but a maximum afternoon occuirence in all 
but two regions in the dittB from the press. 

These differences can partly be explained if the hourly and 
climatological data include a large number of events that are 
not su-ictly hail as ofTicially defmed. It is likely that much of 
the hail rq)orted by climatological stati(Mis is indeed really ice 
pellets or small haO. The distributions of hail from clima- 
tological and hourly reports can then be explained if the 
principal source of the smaller frozen precipitations is cold 
showery outbreaks with the convection not necessarily deep. 
A low freezing level means there is only a shallow column in 
which partial melting can occur. 

For true hail to occur more is required than just low 
leniperatiBesand some instability. In someeventSipaittcularly 
in eastern areas, instalMlity may well be increased by beating 



over the land between the lime of the atmospheric sounding 
and the onset of hail. Other hailstorms develop through the 
release of potential instability (ijb^ the atmospheric i^file 
becomes unstable through iq>w»d motion arising from 
mesoscale circulations or firoqi finooEBbfe flow patterns on 
the synoptic scale). 

These considnations suggest die ftdlowing explanation 
of the diurnal and seasonal hail distribution shown in Table 3. 
Hailstorms in eastern areas are primarily associated with 
intense radiational heating at the surface. In westerly flows, 
foehn conditions may also contribute to the heating. The 
warm, low layer may become deep, widi increased InsahiliQr 
above it through the air moving off the mountains being 
warmer than the air at the same levels elsewhere. The impor- 
tance of this latter phenomenon in severe storm development 
is pointed out by Heimann & Kuiz (19SS). The storms 
commonly farm where lifting is induced by sodi features as 
the sea-breeze boundary or locally generated southerly change 
lines. On the West Coast (South Island) most of the severe 
convective storms are probably already present over the sea. 
They may be enhanced by coastal or mountain effects. Hence 
there is little diurnal or seasonal variation. In the other areas, 
both locally genoated storms and storms advected from the 
sea occur with a greater prqxMiderance of the latter in areas 
exposed to the w^terites. The intermediate diunud^easonal 
distribution shown in Table 3 results. For the locally generated 
stonns thennal roughs and hanging back troughs are an 
additional triggering mechanism. 

Hail is one manifestation of strong atmospheric convection. 
Analyses of other manifestations of severe convective storms 
in New Zealand have been undertaken by Tomhnson (1976) 
and Revell (1984) on thunderstorms and by Seelye (1945) 
and Tomlinson & Nicol (197Q on tornadoes. The fieqnency 
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of thunderstorms decreases from west to east as it does 
for hail reports at climatological stations, but there is not the 
maximum in the south in (he ihundcrstorms data that is 
found for the hail lepons. The seastmal distribution of 
thunderstorms is ratherlike die seasonal distribution of severe 
hail as determined from the press reports, with a marked 
preference for summer afternoon occurrences in the east, but 
less variability in seasonal and diurnal occurrences in the 
west The tornado distributioa is quite different: there is a 
concentration of repents in western coastal areas and in the 
Bay of Plenty. 

The differences in the q>atial and temporal variabilis of 
an hail,severe hail, thunderstonns.andtoniadoes is indicative 
of differing additional requirements for the development of 
these phenomena beyond those that lead simply to the 
fnrnation of convec ti ve cloud. Large cloud depth is probably 
a requirement for all but some of the small ice particles 
included in the all hail data. For severe hail, the ambient flow 
must be such that the updraft is long lasting, or there are a 
succession of updrafts, so that the incipient hailstone is 
maintained for sufficient dme in an enviioiunent conducive 
to its giowtb. Tornadoes require an initial souree of voiticily. 

Additional studies, including more detailed condderatiaa 
of the ambient wind proFile and of detailed mesoscale flow, 
are needed to verify the above hypotheses. They will jnovide 
further conceptual models to assist in hail prediction. 

Objective methods, based on a combination of parameters, 
have been developed for hail prediction in some regions 
(Feicris 1965; Molenat 1975; Stfong 1986). These regions in 
the Netherlands, France, and Canada are similar in size or 
larger than the individual haQ areas considered here. Because 
of the complex topography of New Zealand, progress in 
developing hail forecasting techniques may need to focus on 
individual areas. More detailed mapping of hail falls is 
needed. There are additional requirements. It would be 
necessary to develop a climatology of additional parameters 
including 24 h changes in fields: such changes were found to 
be useful predictors in the Canadian studies. Another 
requirement is a monitoring system that ensures that the 
existence, size, and intensity of all hail events is recorded. 

Forecasting based on numerical model output and objective 
methods, or better conceptual models, can be expected to 
indicate the general areas where hail is lilcely , but the methods 
iiHUnotpinpointjustwhidilocalitie8wilIbeaffectBd.Finca8t8 
at this detail made an hour or two before the hail event might 
be possible with the use of continuous weather radar 
surveillance. The radar data would also provide additional 
tniionnatioD for developiog the coooeptual models and would 
be most desirable for any attranpted hall suppression. The 
value of highly accurate, short term forecasts, without a 
suppression technique, must be limited. While some damage 
mij^ be diminaicd (eg., by garaging cars or picking near- 
ripe £rait) much damage could not be prevented. 
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Note 

A reversal of throw and change of trend on the Wellington Fault 
in Wellington Harbour 



K. B. LEWIS 

New Zealand OceanogR9>hic Institute 
IMvision of Marine and Rnshwater Scienoe 
Department of Sdenoe and Industrial Research 
Private Bag 
KUbiinie.WeIlington 

Abstract A high-resolution seismic survey of the 
nortfiwesiem ^de ofWellington Haibour shows timt die most 

recent trace of ihc predominantly dcxtral strike-slip Wellington 
Fault crosses the coastline in the vicinity of the Thomdon 
interisland feny wharf and lies 2S(MO0 m from dme off 
Kaiwharawhara. Between Ngauranga and Pctone, recent 
dislocation can not be detected with certainty beneath shallow, 
almost seismically "opaque", possibly methane-rich layers. 

The recent trace in Wellington Harbour cuts sediments 
dq)osited after the postglacial rise of sea levd. It has 8 trend 
that is similar to the recent trace at Petone and about 10° 
clockwise from the recent trace behind Wellingtcm City. The 
change in trend occurs close to the Thomdon wharf. 

An unusual, but not unique, feature is diat die recent trace 
fat the harbour is npdirown on die southeastern (haitoar) side, 
whereas long-term movement has uplifted the nonhwcstcm 
(landward) side. Recent fault dislocation is defined by a scarp 
aboutUmhis^, at die ferry wharf. It is buried, progressively 
more deeply, towards the northeast. It is buried 3^ m deep 
where it is lost beneath "opaque" layers. 

Off Kaiwharawhara, seismic profiles show a scattering of 
stratified reflectors immediately landward of die fault It is 
inferred diat diis scattering is caused finesh water leaking 
along die bidt from an aquifer. 

Keywords Wellington Harbour; Wellington Fault; 
seiUments; seismic profiles; tectonics; Holocene; aquifer 



SETTING 

The linear ramparts that form the northwestern boundary of 
Wellington Hbvbour are the eroded escarpment of a major 
active fracture, the Wellington Fault This is one of several 
northcast-u-cnding dextral shears at the edge of the Indo- 
Australian plate that lake up the iranscurrcni motion of the 
obliquely subducting Pacific plate (Fig.l). Buckling of the 
generally downduownsoudieasietn side has produced nu^ 
infilled basins, such as Wellington Hvbour and Hutt VaDey. 



JUeOttdSUank 1988. aee*fUd l4Jiiif 1988 



separated by higher portions such as those at Hawkins Hill 
and Taita Gorge (Cotton 195 1 ; Lauder 1962). A summary of 
the geology of this area is given by Stevens (1974). 

During die 1-2 million years since movement bcfan» a 
zone of dieared and shattered rode has fianmed adjacent to die 
main fractiu'e. Within this zone arc numerous splinter faults 
that are perpendicular, oblique, and parallel to the main trend. 
The main fault offset occurs within this zone and appears to 
have been located al o ng die same line for long periods of time. 
The widdi of die shatter zone is partly a response to changes 
in composition of the rocks and trend of the fault trace. It is 
generally 200-400 m wide but seismic refraction data suggest 
diat it may be much widerbeneadi die sediments ofWellington 
Harbour, perhaps as a response to a change in trend of about 
10° that occurs somewhere between Thomdon and Petone 
(Davcy 1971; Hochstein & Davey 1974). 

Offsets formed by die most recent movement of the fault 
are e^ddent at die fixitof the 300 m hi^ escarpment bdiind 
the national legislature and commercial centre ofWellington 
(Grant-Taylor 1967; Ota ei al. 1981). Here they trend at 
N4S°E. Recent fault displacement is also evident through 
Petone but trending NSS^'E. At bodi places, motion has 
inchided(bMidesaByttana ciin ent motion) downduow to die 
soudieast Interpolation between diese two sites requires 




F|g.l WeDinglaaHaxbmircbowing(lhickliiie)tliepi»idonflfdie 
knownondwreactWe tiacMof die WdlingumFadt (ftomOtaetsL 
1981)b dw fault escaiiannt liong the northweMm lide of d» 
lucbour Ousdmred), uid die bifened positiaii of die itm» zone 
bneidi dw haboir (m^PPIkO (fiom Hoetartdn A Dmy 1974). 
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either a bend or an offset in the fault somewhere along the 
northwestern side the haitoor. Abend in tfaecHfTlineatthe 

Petone end has suggested an offset there (Grant-Taylor 1967) 
but this gcomorphology can also be explained by wave 
erosion in the comer of the harbour that faces the fiill effect 
of southerly storms (Stevens 1974). 

The active trace of the Wellington Fault must almost 
certainly lie somewhere seaward of the narrow, cliff toe, 
wave-cut platform that supports Wellington's main road and 
rail links. How fir seaward has depended upon interpretations 
of data that were notspedfically designed to sbowrecent Cault 
traces close to shore in the soft sediments. Cowan & Hathorton 
(1968) deduced from gravity data near the Petone foreshore 
that the Wellington Fault is approximately vertical and lies 
aboDt 300 m east of the eraidonal escaipment (c. 200 m 
offshore), with basement downthrown about 300 m to the 
east. They further deduced a maximum of 1200 m downthrow 
oH'Ngauranga, but Hochstein & Davey (1974) modified this 
estimate to 400 m on the basis of seismic refiactioa data. 
Hochstein ft Davey (1974) identified an intermediate velocity 
zone in the basement refractions along the northwestern side 
of the harbour as the shatter zone of the Wellington Fault. Its 
width of 500-1000 m is much greater than the width of the 
shatter zone elsewhere along the fault. The fault has not been 
identified at shallow depths beneath the seabed although 
some sparker records, collected for a study of the Hutt Valley 
aquifer, show reflections that might tentatively be attributed 
lofaultdidocation400-tiOOmfiDmshorebetweenNgBannga 
and Petone ^yners ft Christoffel 1973). 

Estimates of die most likely position of the Wellington 
Fault along the northwestern side of the harbour have been 
based on two siq)positions. One is that the seaward edge of the 
wave-cut platform, which may be dose to die reclaimed 
shoreline in the Kaiwharawhara area, best defines the line 
between rising greywacke and subsiding harbour basin. The 
odwr is that the centre of the crush zone in the deeply buried 
basement greywacke, projected vertically to the surface, is 
the most likely position of the fault trace because wave action 
has continuously cut back the shatter zone to relatively 
unshatteied rock on the shore platform (Hochstein & Davey 
1974). This latter suppositioa {daces die fiuitt trace some 
400-500 m offshore at Kaiwharawhara. 

Because the precise position of the active fault b^ce has 
considerable signiflcanoe in engineering planning and in die 
design of structures diatmny CRMS die trace, an uncertainty in 
position of 400m required further woilc designed specifically 
to locate the fault in the vicinity of possible port development 
Thus, the following survey was commissioned by Wellington 
Haibour Board and is published with Uieirpennission. 



SURVEY METHODS 

On 14 and 1 6 July 1 986, the search for recent fault deformation 
was undertaken abng the northwestern side of Wellington 
Harbour. AnEGAO'*Uniboom230".hi^res0lution8eismic 
profiling system was operated from a 6 m aluminium launch. 
Navigation was controlled using the way-point and track 
guidance fuiKdon of aRacal "MicroFix" microwave position- 
ing system , which automatically recorded positions to widiin 
1 m every 30 seconds. Sevemeen tracks. 1 km long and 
100 m apart were run in the area of primary interest between 
Thomdon and Ngauranga. Twehre lines 500 m apart were run 
betweenNgaurangaand Petone. Retunungechos were filtered 



with a 400 Hz to 2 kHz bandpass filter and printed witii 10 ms 
acaie lines. All records are stored in eidier computer or 
hardcopy files under NZOI Surv^ Number 7109. 



BASIS OF INTERPRETATION 

Because the Uniboom sound source is relatively "clean" and 
fine ofresooanoe, most lines on the seismic profiles represent 
synchronous stratal surfaces where there is some vertical 
change in acoustic properties. These changes do not necessarily 
indicate a change in lithology that would be clearly recorded 
in a core. However, in a detailed survey such as this, adjacent 
profiles can be ooofidrady correlaled on die basis seismic 
character and unconformities. 

The velocity of sound in both water and soft sediment is 
taken to be 1500 m/s so that 10 ms scale lines represent 7.5 m 
depth. The horizonol sode on each profile varies widi boat 
speed and paper feed nue. Most profiles have a vertical 
exaggeration of between 1:25 and 1:30. 



SEISMIC STRATIGRAPHY 

Most of the profiles show the protective batter of the coastal 
reclamation as a steep, seism ically opaque refiector that has 
prograded over seaward-thickening harbour sediments. 
Nearshore. north of Kaiwharawhara,profiles show the harbour 
sediments, up to 9 m thid:. on]an)ing a siecyfy dipping, 
strong refiector, that is inferred to be the imafiaoe widl 
greywacke basement (Fig. 2A, B). 

At many places diere is a seismically tra n spare nt surfiKC 
layer, up lo 3.5 m thick, overlying eidier an jntrasedmentary 
"opaque" reflector (Fig. 2A, B) ora seaward tfiickemng. well 
su-atified. near-parallel bedded sequence that onlaps a 
conspicuous unconformity ^ig. 2B, C, D, £). Hummocky 
reflectorsbeneath theunconfonnity indkaie hatbowsediments 
that are of a quite different character to the evenly stratified 
sequence above. The unconformity is about 10 m below the 
seabed (30 m below sea level) 1 km offshore from 
Kaiwharawhara but it shoals landward and soudiward to cn^ 
out at the seabed close to the Thomdon wharft (Fig. 2E). 

The seismic stratigraphy in this area shows some similar- 
ities to a borehole-correlated seismic stratigraphy 6 km away 
inEvansBay (LewisftNGIdenhall 1985). There, dieonlapping, 
parallel-bedded sequence wasdqwsited since die seaflooded 
that part of die hartXMrsiboutlOCXX) years ago. The underlyii^ 
sequence that is transgressively onlapped includes peaty 
sediments dqx>stied in a swampy valley during glacially 
lowered sea level At Kaiwharawhara, the hummocky 
reflectors and an infilled channel perpendicular to the shore 
are consistent with indsement by a low sea level extension oi 
Kaiwhanwhata Stream. 



OPAQUE REFLECTORS 

Reflectors that almost obliterate seismic penetration to 
underlying layers (Fig 2A. B) occur beneath much of the 
central harbour (Reyners & Christoffel 1 973) but not close to 
the shore. These "opaque" reflectors scatter seismic energy 
and are at several stratigraphic levels. Only firint hidications 
of bedding are visible beneath them. They were considwedby 
Reyners & Christoffel (1973) to be layers of either flat-lying 
diells or gas-rich sediment. A similar reflector that was cored 
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Fig. 2 High-resolution seismic profiles from between Thomdon and Ngauranga showing the active fault trace (F), intrasedimentaiy 
"opaque" layers (O), an unconformity of inferred early Holocene age (U), and diffuse reflectors thought to indicate fresh water 
escaping from an aquifer (A). Profiles are in order from north to south and their positions are shown in Fig. 3. Vertical scale lines 
are at 10 ms (7.5 m) intervals. Vertical exaggeration is about 1:25. 



in Evans Bay appeared to correlate with an unconformity and 
a layer of 10 000 year old wood and plant roots whose decay 
could have produced small amounts of methane in the sediment 
(Lewis & Mildenhall 1985). The opaque reflectors along the 
northwestern side of the harbour overlie the unconformity, 
and also the change to parallel-bedded sediments, so they are 
inferred to have been deposited well after the postglacial rise 
of sea level. Nevertheless, generation of small amounts of 
biogenic methane, possibly in plant-rich flood deposits, seems 
a more probable explanation than mass mortality and current 
sorting of bivalves. Opaque reflectors are absent from the 
seabed off stream mouths in Evans Bay, Thomdon, and 
Kaiwharawhara. It is inferred that, in times of flood, these 
small streams may have both supplied sandy sediments that 



do not trap gas and limited influx of plant-debris charged, 
muddy, Hutt River water. 

THE FAULT TRACE 

A strong vertical displacement of reflectors is seen in all 
harbour profiles from off Thomdon and Kaiwharawhara 
(Fig. 2). The displacements plot as a linear feature subparallel 
to the shore (Fig. 3). Thus, they are inteipreted as the active 
trace of the Wellington Fault 

The trace is slightly curved, extending from close to the 
Thomdon interisland ferry wharf to about 400 m from shore 
at Kaiwharawhara and curving back to about 250 m from 
shore between Kaiwharawhara and Ngauranga (Fig. 3, 4). 



Cci 



296 



New Zealand Journal of Geology and Geophysics, 1989, Vol. 32 



Wellington fault trace 
I I Opaque layer 

r''^'--^ Aquifier 




4ri6S- 



iFerry Wharf 



Scale in metres 



174*48E 

I 



Fig. 3 Chart of the seabed off 
Kaiwharawhara showing the trace 
of the Wellington Fault f-f, the 
position of the opaque layer 
(stippled), and the position of the 
aquifer plume (patterned). Dashed 
lines show the position of the 
profiles; a-a, b-b, c-c, d-d ande-e 
are illustrated in Fig. 2. 



Slrike-slip motion can not be measured in seismic data, 
but the recent fault trace between Thomdon and Ngauranga 
includes a vertical displacement of 2-3 m for the top of the 
parallel-bedded sequence and about 7 m for the underlying 
unconfonnity (Fig. 2C, D). Displacement is upthrown on 
the southeastern (harbour) side. This is surprising in view 
of the long-term uplift of the northwestern (landward) side 
indicated by the high, erosional escarpment onshore. Base- 
ment grey wacke rises over 200 m above sea level at the top of 
the escarpment and is estimated to descend to over 400 m 
below sea level beneath the harbour. However, similar recent 
changes of throw do occur elsewhere along the Wellington 
Fault, notably north of Upper Hutt (Lensen 1958; Brown & 
Wood 1983). 

Close to Thomdon wharf, the fault is exposed on the 
seabed as a smoothed "scarp" in apparently pre-unconformity 
(glacial age) sediments (Fig. 2E). Off Kaiwharawhara, the 
well-stratified (postglacial) cover beds are included in the 
deformaiion, and ihc surface expression is less clearly defined; 

"pthrown side crops out at the seabed, but a trough 
xn fault scarp and shore has been at least partly 
led with the uansparcnt (youngest) sediments. Towards 

luranga, the crest of the upthrown scarp is buried by 
m of transparent sediment (Fig. 2A, B, C). Although this 

J shows no evidence of deformation, it may be too fluid 

support such evidence. Still further to the northeast, the 
»ult is beneath one of several, 2.0-3.5 m deep, seismically 
opaque layers. The increasing thickness of cover reflects an 
increasing sediment supply towards the mouth of the Hutt 
River. Between Ngauranga and Petone, there are only tentative 
indications, about 400 m from shore, of the Wellington Fault 
in the faint bedding beneath the opaque layer. However, 
because the fault may change its throw from up to the 
southeast to up to the northwest in this area, there may be little 
for seismic data to detect. 

The slight curvature of the fault, and the reversal of throw, 
may be an expression in soft, surface sediments of an offset 



and a 10° change of trend in the fault in basement rock. 
Alternatively they might be a secondary effect associated 
with a tentatively identified rotational slump in the 
basement fault scarp behind Thomdon (G. J. Lensen pers. 
comm, reporting observations of the late T. G. Grant- 
Taylor). However, this feature was not noted in a recent 
survey of active landslides in the Wellington area (Dellow 
1988). 

The last movement of the fault clearly postdates the 
unconformity of the postglacial rise of sea level and much of 
the sediment that overlies it Northeast of Kaiwharawhara, 
the fault is apparently buried. In the light of some uncertainties 
in the age of the deformed sediments, and ability of the 
overlying sediments to record deformation, Stevens's (1974) 
estimate that the last movement was about 1000 years ago is 
not unreasonable. 



THE AQUIFER 

For a distance of about 7(X) m northeast of the mouth of the 
Kaiwharawhara Stream, there is a zone of diffuse reflections 
along, or immediately landward of, the fault trace (Fig. 2B, C, 
D, Fig. 3). The marked change In acoustic properties could 
indicate escaping biogenic gas, but a more likely explanation, 
in view of notations of "fresh water springs" in old charts of 
th is area (Wellington Harbour Board 1978),is that the diffusion 
effect is caused by escape of fresh water from either the Hutt 
Valley aquifer or a small local aquifer assocated with the 
Kaiwharawhara Stream. 

At various places around the harbour, steep-sided "holes" 
in the seabed are inferred to have been formed by leakage 
from aquifers, and in general the leakage appears to be 
associated with greywacke-aquifer contact at depth, being 
probably initiated during earthquake stress (Reyners & 
ChristofTel 1973). Exceptforthe exposed "scarp" at Thomdon, 
no obvious holes were crossed in the survey, but leakage in 
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Fig. 4 Photograph of Wellington 
showing position of the active trace 
of the Wellington Fault behind 
Wellington City (from Ota et al. 
1981) and offshore at Thomdon/ 
Kaiwharawhara. 

(Photo: D. L. Homer. NZGS). 




the past may have locally modified the expression of the fault 
in soft harbour muds producing the smoothed, symmetrical 
depression seen in some profiles. 



CONCLUSIONS 

1. The recent trace of the Wellington Fault ranges up to 
400 m offshore along the northwestern side of Wellington 
Harbour between Thomdon and Ngauranga. It can not be 
identified with certainty between Nguaranga and Petone. 

2. A degraded faultscarp,upthrown on the southeast (harbour) 
side is exposed at the seabed at Thomdon but buried by up 
to 3.5 m of sediment to the northeast. 

3. The recent trace of the Wellington Fault curves offshore 
at Thomdon. There is a change in trend of about 10° 
between the trace through Wellington and the trace through 
the harbour and Petone. 

4. Diffuse rcfiectors along the fault tracemay indicate escape 
of fresh water from an aquifer along the fault trace. 
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Note 

Sediments of the Paekakariki-Otaki River sand-dune sequence, New Zealand 



L.W. WRIGHT 

Department of Geography 
Queen Mary College 
University of London 
Mile End Road 
Loadm El 4NS, England 



AMract Thifty-dglit samides coUected fifom the southern 

North Island west coast, between Packakariki and Otaki (i.e. 
Kapiti coast) were analysed by mechanical sieving to determine 
if chronok^ically distinct dunes exhibited characteristic 
sediinentaiypaiaineten.SU|^difreieiicesdoi^ppearto 
but Ae conmsts are of insufficient magnitude to be uaed 
alone as a diagnostic feature. The study indicates a stiong 
environmental uniformity has been in existence foroverfiOOO 
years notwithstanding large changes in the quantity of 
sediments available for dune building and the input 
volcanic material. 

Keywords Quaieinaiy:sanddunes; sediments; Kapiti coast 



OBJECTIVES 

The depositional chronology of the sand-dune sequence of 
the Kapiti coast has been discussed by several authors (Adkin 
1910. 1919. 1951; Cotton 1918; Te Punga 1962; Fleming 
1953. 1972; and Oibb 1978), and much emphasis has been 
placed upon morphological criteria. The sedimentary 
characteristics of the dunes have been investigated by Oliver 
(1948) who commented only that the material exhibited good 
sorting and small grain size, a point also noted by Smith 
(1982). Gibb (1977) has siiown that the present-di^ beach 
sands are likewise well sorted and fine grained although he 
noted variations along the beach. The present study seeks to 
provide more sedimentological data on the dime system and 
in particular to detennine whether a pvticular phase of dune 
bdlding can be identified &om the physical chaiacteristica of 
in sediments. 



TECHNIQUES 

This note is based upon the analysis of 38 samples coUected 
in three bands normal to the shore in the south, centre, and 
north of the area. All samples were taken from deep within the 
dune, usually more than 2 m below the surface. Each sample 
was dm aMlyied ostng standaid sieving pfooeduies, with 



ttm)d»a$0 OcUbtr 1986, accepud 19 July 1988 



nested sieves of Vi ^ inlcrab for 9 min, and the data ptotlBd 
using Folk & Ward (1957) panmelen. These are detailed In 

Tables 1 and 2. 

Tahiti Oirin^iaewahiBtofiwri-dunBiMndBtftaaidieKyti 
(wait) ooait. •oadMBB !fatA Umd. using Fcdk ft Ward (1^ 
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SOUTHERN AREA 

Three phases of dune building are clearly represented in the 
area b^weenPadcakariki and Raumati South. Contempcnary 
embryo/foredunes occur south of the Whareroa Stream in the 
Queen Elizabeth Park. Behind these arc bold rugged dunes of 
the Taupo Pumice Duncsand phase, and further inland are the 
more subdued dunes of the Fox ton Dunesand phase. The 
aedimentaiy characteristics of these dunes are shown 
graphically in Fig. 1. The embryo dunes (Fig. lA) show a lack 
of peakcdncss and a relatively wide size-range expressed in 
a sorting coefficient of 0.66. The mean grain size of 2.29 41 
indicates a relatively coarse, though still fme. sand. This 
sample clearly Offers finom all the others, suggesting the 
dominance of some local somce material derived via the 
Whareroa Stream and the beach. 

Morphological and mineralogical contrasts are usually 
sufTicient to distinguish between the Taupo and Foxton 
dunes. There is some suggestion from the grain-size parameters 



that the Foxion dunes haveamore peaked pattern (Fig. ID.G) 
hntvariatioa withfai bodi groups makes idcniificatioa difficolt 

andhighlights the problem of sampling sand dunes effccti vcl y. 
Although both the Taupo and Foxton dunes consist of several 
dune ridges, the density of sampling used £ailed to reveal any 
intradune ridge contrasts. 



CENTRAL AREA 

The sand dune area from Paraparaumu Beach inland to 
Paraparaumu shows a remarkably uniform sedimentary 
enviranmeot. Apart £nxn embryo dunes at the coast, at least 
dvee other dune-buHdIng phases have been identified— the 

Waitarerc, Taupo, and Foxton phases. The grain size of these 
dunes is similar (Fig. IB, E, H). They are very well sorted 
(sorting coefficient between 0.20 and 031), fine-grained 
sediments. This uniformity is further emj^asiscd by the 
similarity between the parameters of skewncss and kurtosis. 



Table 2 Grain-size analysis of sand-dune samples from the Kapiti coast, showing percent weight in each (> class limit. 
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Fig. 1 Histognms of selected 
simples based on the proportian of 
sand letunad on sieves stacked at 
'A^inmvals. 
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NORTIIKRN AREA 



Although not fonning the largest dunes, this area has a 
sequence of dune d^iositiaa fhat is most complete and 

morphologically most distinct cxpccially between the coast 
and Te Hoto. Again ihc dominant feature of the sediments 
across the whole sequence is their degree of sorting and their 
fine grain size. The Taupo dunes and Foxlon dunes have 
remarkably similar physical characterisiics.aooodUoo wUch 
applies also to the younger MbUiili dunes whidi are well 
developed here. 

All tiaee members show a peakedness in the 2.75-3.2S 
range and a sorting coefficient of between 0.25 and 0.35, 
while skcwness ranges only from -0. 11 to -0.26 and kuriosis 
from 1.05 tol.l9(Fig. IF, I). The pattern is slightly different 
in the sample taken from the Waitarere dunes (Fig. IC), which 
is less peidced. slightly cooiser. and less well sorted, perhaps 
indicating the input of a larger proportion of locally derived 
sediments. Other samples taken fiom these youngest dunes 
show that the variation within this friiase is more marked than 
in the older dunes. 

CONCLUSIONS 

Sample analysis confirms the findings of Oliver (1948) that 
the sediments throughout the area are dominated by fuie 



grained, well sorted sands. Variations within this grouping do 
occur (I) locally within a particular dune, (2) normal to the 
shore, and (3) parallel to the shore. The present study was 
designed to ascertain if variations normal to the shore were 
sufficiently distinctive to allow dune sequences to be 
distinguished where the moe easily obtained evidence finom 
morirtiotogy. pedology, and minentogylMB. fo r some reason, 
become obscured. I conclude that, although this is a useful 
means of distinguishing recent dunes from older phases of 
dcpostion in some locations, this particular analysis is not 
especially helpful in distinguishing between the older dune- 
buUding phases or between dune-building periods within a 
pvticular phase. Minor differences between samples do 
occur but they tend to be of a scale insufOcient to build a 
chronology in the absence of supporting materiaL 
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Letter to the Editor 

The age of the Waiho Loop terminal moraine, Franz Josef Glacier, Westland 



Comment 

The late J. H. Mercer has brought out an extremely good point 
in showing that different radiocarbon ages can be obtained 
from the same wood sample, suq)ected to be contaminated, 
possibly with modem soil OTganics and sou caibonatB, after 
being given different pretreatments before counting (Mercer 
1988). It is not known how much extraneous organic material 
can be picked in> by a piece of wood, after some Usloric 
geological event has left it buried over a long period of time 
in a sedimentary layer. Also, it is not known whether all 
naturally acquired contaminating material can be removed by 
add-aOodi treatment because I have shown that wood, 
aitificiany contaminated in die laboratory widi soil organic 
compounds, will lose only part of diis contamination during 
an acid-alkali pretreatment 

In a laboratory nqwriment perfbrmed in 1980 (Currie 
1980), limit-age wood, containing no radiocarfocm, was 
contaminated with modem organic compounds obtained from 
a local stream which drained swampy ground, and which was 
laden with organic compoundsfomied from the decomposition 
of plant material, in a colkridal sdudoa After die acidified 
stream water was percolated through groundup limit-age 
wood for several days, the sample was homogenised, then 
one-half was subjected to acid-alkali treatment and the other 
half was merely washed widi water to remove traces of acid. 
Each half sample was then analysed for ndiocartxm, when it 
was observed that the untreated wood had acquired a 
radiocarbon level of some 7.4% modem with respect to 0.95 
NBS Oxalic Acid Standard, but after treatment the other half 
of the wood samirie still measured 2.8% modem with leqiect 
to 0.95 NBS Oxalic Add Standard, despite die fhct tfnt 50% 
of the mass of the wood had been lost during the acid-alkali 
treaunent The results of this experiment suggest that it may 
not be possible to remove all the organic contamination with 
an acid-alkali treatment It seems worthwhile to consider die 
WaOio Loop radiocarbon measurements and attempt to 
calculate a contamination-free age, assuming that the fraction 
of contaminati(m retained after acid-alkali treatment was 
sfanilar to that retained in my laboratory «tperiment If die 
wood was contaminated with soil organic compounds, then 
the samples measured in New Zealand would still contain all 
theoriginal contamination, if these samples behaved similarly 
totheuntreated samples measmedby mein 1980. which were 
dso given only an aqueoDSwadtCaibanaiewoidd not have 
been removed because there had been no acid wash. The 
mean age of the New Zealand samples was, in round 
figures, 11 600 years B.P. On die other hand, die samples 
measured in the United States would have had all 
contaminating carbonate removed by the acid treatment but 
soil organic compounds present could have been retained 
perhaps in similar proportion to those retained in the 
c o n ta mi nated wood pretreated by me. The inean "Cage of die 
American samples, according to Mercer, and confirmed by 
me, was some 12 440 years B.P. A simple calculation using 
the above mean ages, aind assuming acid-alkali treatment will 
remove 62% of the contamination which is assumed to be all 
(M^ganic, enables determination of a Libby age for the sample, 



unaffected by contamination, of some 13 000 years BP. If 
only carbonate had been present as a contaminant then the age 
cakailated in dieUnited States would beagoodestimateof die 
age of die Waiho Loop terminal moRdne. If the above postu- 
lated soil organic contamination had a radiocarbon level of 
0.9S NBS Oxalic Add Standard, dien c. S% contamination 
would reduce die true Libby age of 1 3 OOOyeais BP to 1 1 600 
years B.P. If various mixtures of both carbonate and organic 
contamination had been present, each with '*C level equal to 
0.95 NBS Oxalic Acid Standard, the true Libby age woukl lie 
between 12440and 13 000 yearsBP.Oneneedstoknow how 
effectively an acid-alkali treatment removes scril organic 
compounds if confidence is to be had in any estimated radio- 
carbon ages. Also, it is desirable to identify species of 
contaminants present and separate them from components of 
the wood. 

During die 1 3th International Conference on Radiocarbon 
Dating, M. J. Head of The Australian National University, 
described solvent extraction of soil organic compounds and 
mediods of separating diea e co mp o un ds i n to variou s dasses. 
by a range of techniques. This technology may be capable of 
completely separating the contamination components from 
those of the wood, but this remains to be seen. If the process 
were feasible, care would need to be taken to prevent the 
sotveot from becoming anotbercontaminant, as demonstrated 
by Jansen (1972) of the Institute of Nuclear Sciences. 

Finally, soil organic contamination need not necessarily 
be composed of only contemporary material, for if fossil 
wood were buried in a paleosol containing anckot oigaoic 
compo u nds, diere arises the possibility that oontandnatton 
older than the sample could occur as well as younger 
contamination. For the Waiho Loop sample, this sort of 
occurrence docs not seem likely. If it did occur, and if the 
older contamination were harder to remove than the younger, 
then the situation could arise where a sample initially having 
too young a radiocarbon age through contamination could, 
after treatment, havean age greater dian die true age. Although 
Gnnt-I^ykr ft Rafter (1971) came to die condnsioa dnt 
acid treatment of contaminated wood was more effective than 
alkali treaunent, this result is not believed to be generally true. 
I have demonstrated in laboratory experiments, using artifidtd 
contamination, that acid treatment alone will not remove 
organic contaminants teem wood at all. but youngo- soU 
organic compounds can be preferentially dissolved by acid 
from a mixture of young and old soil organic compounds 
(Currie 1980). 

In conclusion, it is important to know whether or not a 
radiocarbon sample is contaminated, and it is equally important 
to be able to identify any contaminants because one can then 
judge the effectiveness of any decontaminating procedures. 

16 November 1988 D. R. CURRIE 

Institute of Nuclear Sciences 
DqMrUnent of Scientific and Industrial Research 

P.O. Box 31312 
Lower Hutt, New Zealand 
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Book review 



Directions in paleoseismolgy edited by A. J. Crone 
and E. M. Omdahl. Proceedings of Cortference XXXIX. 
United States Geological Survey opai'fiU report S7- 
673. Denver. Colorado. 1988. 456 p. 

Since the first "Redbook Conference" on onusual animal 

behaviour in 1976. the U.S. Geological Survey has continued 
to sponsor a wide range of state-of-art conferences related to 
eai^aakB hazards, llie proceedings of the 39th conference 
continue the high standards set by previous conferences by 
publishing a wide range of up-to-date research on the 
geological aspects of earthquakes and Quaternary dating. 
Paleoseismology.asdefinedby Bob Wallace (Ui>.Geok>gicai 
Sorv^), is "Hm identification and study of pcdii^tvic 
earthquakes", and the 45 papers in this publication attempt to 
summarise the techniques, results, and future directions for 
studies in paleoseismology. Speed of publication in this 
rapidly evolving field (11 months ficom the conference to 
publication!) necessitates a further addition to the rapidly 
growing mountain of "grey literature" that is not generally 
available to a New Zealand audience. However, this volume 
can be obudned free on request from the editns, and will be 
(tf interest to Quaternary geologists, seismologists interested 
in the geology of earthquakes, and engineers who are 
concerned with methods used by geologists to arrive at their 
estimates of seismic hazard. The volume foUows the same 
order of piesentation as tiie meeting from whidi it was 
produced, with division into six major sections in addition to 
introductory and concluding remarks: Quaternary Dating 
Techniques; Recognition of Palcoscismic Events in the 
Geological Record; Quaternary Slip Rates and Coseismic 
Deformation; Modelling Fault-Scarp Degradation; The 
Behaviour of Seismogcnic Faults; Aspcctsof Seismic Hazard 
Analysis. Each section contains up to 1 1 short papers written 
by predominantly U.S. experts in appropriaie fields and 
concludes with a summary of the discussion session that took 
place among tlic 71 participants at the conclusion of paper 
presentations. 

Quaternary datingconectlygainsfixaplacein this volume 
because it is die basis from which an esthnates of die timing 
of past fault movements, slip rates, and recurrence intervals 
are made. The 1 1 papers focus mostly on recent developments 
in the newer techniques of theimoluminescence (TL), electron 
^in resonance (ESR), '°Be. rock varnish thickne8S,as well as 
good background reviews of amino acid, fis^on track, 
paleomagnetic, and dendrochronological techniques. Recent 
breakihioughs by researchers at California Institute of 
TednologyandUidvefsityofTexasindicalediatone standard 
deviation errors from < 1-4% can be achieved for ^Th coral 
dates. Historic earthquakes from Vanuatu are dated at A.D. 
1785 ± 5 years and interglacial marine terraces at 123000 
± 1 100 years ago! High-precision dating provides a strong 
diallengeto Quaternary stratigraphentohaveweD-detennined 
paleoen vironments and offers hope that very high quality late 
Quatemaiy eustatic sea level record can be established. A 
timely review of tadiocaiboa tandem atxele r ator dating and 



its limitations is provided by Paul Damon (Arizona State 
University). As dates from this medwd become more 

commonplace in New Zealand, N.Z. Quaternary geologists 
and archeologists should be aware of the differences between 
this method and conventional radiocarbon dating. The 
comparisons between ladiocarboa dating methods outlined 
in Damon's paper are abo ai^licaible to N.Z. situations. 

Recognition of past earthquake magnitude and location 
from the stratigraphic record is the m^jor emphasis of 
paleoaeismology. Trenching of active fault scaips has been 
the most popular method for recognising past earthquake 
events, and papers are presented that summarise the major 
diagnostic tectonic features from extensional, contractional, 
and strike-slip regimes. Interpretation of flights of marine 
terraces, which is gaining increasing prominence in New 
Zealand, is summarised by George Plaflcer (U.S. Geological 
Survey), and folds, liquefaction features, landslides, and 
seismic profiling techniques are all examined to determine 
their potential for recognising tlie magnitude of past 
earthquakes. 

Sometimes slower rates of tectonic movement or erosion 
preclude the recognition of individual earthquakes but a 
variety of techniques can be used to qoantify ntes of 
deformadon. Bill Bull (Arizona State University) and Chris 
Menges (University of New Mexico) show how mountain 
front geomoipholc^y can be assessed to determine relative 
rates of Cault movement, whileStan Schumm (Odocado State 
University) shows how dow rates of tectonic movement can 
be detected from fluvial drainage patterns. Peter Knuepfer 
(State University of New York) interprets his data from the 
Awatere and Hope Faults to claim that large flucbiations in 
fault slip rate can occur in periods of just a few thousand years. 
Other papers emphasise the need for detailed studies of 
historic earthquakes to adequately inierpnt those seen from 
the geologic record. 

Five papers discuss die knowns, unknowns, and perspec- 
tives on the problems of fault-scarp dating by diffusion 
equation modelling. The potential for dating fault scarps from 
tteir morphology was recognised by Bob Wallace (U.S. 
Geological Survey) and quantitive mode41ing by Tom N^uiks 
(U.S . Geological Survey) saA odiers raised hopes that in arid 
and semi-arid rcg ions, where little organic material is available 
for radiocarbon methods, fault movements could be accurately 
dated bom die morphology of fiadt scarps. Initial hopes have 
dinuned as multiple movements comfdicate scarp morphology, 
and calibration of the diffusion model has not proven easy. 
Few studies of this type have been carried out in New 
Zealand, but this section provides an excellem overview of 
the necessary considerations and potential pfx)blem8 for anyone 
contempladng scarp degradation studies in New Zealand. 

The behaviour of seismogenic faults, both at the surface 
and within the britUe crust, is reviewed in five papers. Rick 
Sibson (UniversUy of California, Santa Baibara) proposes 
thatfianlt heterogeneities play an importantroleindiefaiitiatkm 
and termination of fault rupture, while Bill Ellsworth (U.S. 
Geological Survey) discusses implications of fault 
segmentation fat frequency-magnitude relations and 
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earthquake stress drops. The scientiHc body of the volume 
fonrTiw***f with three papers reviewing existing methods to 
seismic hazard analysis and how they serve the public. 

The editors are to be congratulated for the speedy 
publication of current thinking in a field that is of equal 
inqxmance to the scientific communities in the U^. and New 
Zealand. An papers have been feviewed by die edium who 
have managed a uniformity in presentation while still retaining 
a wide variety in authorship style. Diagrams and the limited 
number of photographs are particularly well reproduced for a 
pnbiicatioa of ibis soft, although the variation in font styles 
can detract fiom die content Papers usually do not concern 
themselves with local studies but emphasise the principles 



involved with studyiitg paleoseismolQgy by reference to the 
Isfge body of pdriidied llianiiBe. The aessioa sommaries are 

particularly valuable in that they indicate the u-ends of on- 
going and future research that may take several years to 
appear in major journals. This volume is good reading for 
both Quaternary geologists and paleosdsmdgy specialists 
and. if more leadityavidable, ondd torn the core toa series 
of graduate semioais in Qnamiacy geology and its 
applications. 

ALAN G. HULL 
University of Cafifoniia, Santa Baibera 
Calitonia 93106. U.SA. 
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